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This report presents the results of a study and 
investigation of conventional and unconventional terminal flight 
paths for CTOL aircraft in connection with low visibility landing 
problems. The interrelationships of the geometry of possible 
approach paths, visual and electronic guidance equipments, and 
numerous aircraft piloting problems are reviewed. Pilot 
display requirements for optimizing these interrelationships 
under typical airline operating conditions are described as 
well as the flight path dispersions expected at the transition 
f r o m  instrument to visual flight guidance. Areas requiring 
improved simulation, flight validation, or other means of estab- 
lishing statistically significant data for these critical 
operations are identified. The ILS standards will be examined 
tc ideEtify errors that affect the transition from instrument 
to visual flight. 
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I. INTRODUCTION 

Category I1 and 111 operations face two basic problems. 
These problems, which are under serious investigation by NASA, 
other agencies, and the airlines, are: (1) noise abatement for 
the final approach paths, and (2) all-weather landing. Although 
each has its own specific problem areas, there are large areas 
of technical and operational overlap and similarity. For example, 
noise abatement flight techniques using steep approach paths 
(a glide path angle of about 6 degrees relative to the horizontal) 
terminate in one form or another in a conventional flight path 
before reaching the runway threshold area. From a conventional 
approach path of 3 degrees, a pilot of a jet aircraft normally 
flares the aircraft, transitioning from a straight descent path 
into a long curved path to touchdown. When transitioning from 
a steep approach path to the final segment, the pilot also enters 
into a long flare or "round-out" path, transitioning from, say ,  
6 degrees to 3 degrees. Thus, there is the common problem of 
flaring from one path into another: the steep segment of a noise 
abatement path terminates in a normal ?-degree final segment. 
The entire terminal flight path thus becomes a contiguous opera- 
tion consisting of either two flare paths connected by a short 
straight segment or one path with a continuous flare. 

Other common terminal flight path problems relate to 
the pilot's reliance on instruments for interpreting radio 
guidance commands. Normal visual guidance is inadequate in both 
cases. In tests and simulations of steep angle and low visibility 
flight, cockpit instrumentation designed for straight-line flight 
path trajectories in both the vertical and horizontal plane are 
employed. The inadequacy of such instrumentation for curved 
flight paths and the lack of a full understanding of the total 
interrelationships between the guidance path, the aircraft, and 
the pilot are becoming evident to investigators. 

3 



A. PILOT DISPLAYS 
For example, t e s t s  have been conducted with s teep angle 

paths consisting of t w o  segments. 
the i n i t i a l  steep segment and then t r a n s i t i o n s  t o  the  second 
segment a t  a given r a t e  (about 7 seconds per degree, o r  21 
seconds f o r  a 3-degree path angle change). The p i l o t  then momen- 
t a r i l y  s t a b i l i z e s  on the shallow (normal I L S )  path before f l a r i n g  
t o  Land. 
the p i l o t  i s  consequently "open-loop" between the  two steady 
s t a t e  conditions (of s t r a igh t  paths).  Typically, the p i l o t  
re ta ins  the steep path t o o  long, undershooting the  programmed 
round-out when t h e  standard f l i g h t  d i r ec to r  instruments a re  used. 
Analytical techniques are  needed t o  determine the  bes t  method 
for guidance control  and cockpit instrumentation f o r  the a i r c r a f t  
following the long (about 5000 f e e t )  curved path from the s teep 
approach and the  shorter  curved path (about 3000 f e e t  long) j u s t  
p r ior  t o  touchdown. Although under v i sua l  conditions the  l a t t e r  
path i s  shorter ,  it may be longer f o r  instrument conditions. 
Furthermore, with the introduct ion of the SST and the  large j e t s  
(747 and C-5A), which w i l l  be more sluggish i n  power and aero- 
dynamic response, both curved paths a re  apt t o  be increased i n  

Typically, the  p i l o t  f l i e s  

The instruments used do not display a curved t r ack  and 

length. 

B. PILOT CUEING 

seems advisable. Even i n  pure v i sua l  cases,  it i s  becoming 
more d i f f i c u l t  f o r  p i l o t s  of l a rge  o r  f a s t  a i r c r a f t  t o  judge 
v e r t i c a l  f l i g h t  paths. 
of the horizontal  f l i g h t  path. I n  the horizontal  plane, t he  
clearcut and obvious image of the r u n w a y  cen ter l ine ,  and the  
perspective cues generated by displacement e r ro r s ,  make it very 
evident when a center l ine  correct ion i s  needed. 

P i l o t  cueing using new v i sua l  and aura l  sensory inputs  

This s eem more d i f f i c u l t  than judgment 

Similar obvious 

~ 

~ 

and sensi t ive v i sua l  cues a r e  not avai lable  i n  the v e r t i c a l  plane. 

4 



Furthermore, long a i r c r a f t  c rea te  fa l se  illusions of height 
change while undergohg a p i t c h  change during the  f l a r e .  

C. FINAL SYSTEM CONSIDERATIONS 
In noise abatement procedures t h a t  use s teep g l ide  

angles, t he  IFR requirements must also be met. The a i r c r a f t  
w i l l  be higher f o r  a given distance from threshold,  and above 
normal IFR ce i l i ngs ;  thus the  question a r i s e s  as t o  what require- 
ments w i l l  be needed f o r  radio guidance i n  operational environ- 
ments. Furthermore, the  f i n a l  phases (about 10 seconds f o r  CAT 11) 
w i l l  be v i sua l ,  requir ing t h a t  the  tolerances of  s ink r a t e  and 
the  l a t e r a l  and longitudinal posit ions r e l a t i v e  t o  the spec i f i c  
landing point  be c l ea r ly  established within safe  l i m i t s .  

It i s  possible t h a t  i f  steepened IFR f i n a l  approach 
paths a re  ul t imately used, the f i n a l  v i sua l  segment of f l i g h t  
w i l l  determine t o  a great  extent what must t r ansp i r e  previously. 
Speed bleed-off and the redcction of sLr& r a t e  a r e  ixpmtaat,,  
since soxe cases of sink r a t e  as high as 2000 ft/min have been 
found possible.  It is a l s o  no% l ike ly  t h a t  t w o  separate systems-- 
one f o r  l o w  v i s i b i l i t y  landing and another f o r  noise abatement 
(s teep angle) guidance--will emerge. It i s  obvious t h a t  there  
i s  a requirement f o r  one system that  w i l l  achieve both r e s u l t s  
i n  such a manner t h a t  a l l  aspects of the approach and flare-outs 
a re  contiguous and smooth. Consequently, understanding and 
solving the  low v i s i b i l i t y  landing problem may well  be an e s sen t i a l  
first s t e p  i n  solving the s teep angle guidance problem. 

f o r  the  s teep  angle procedures, since the  ranges t o  the runway 
thres'nold f rom c r i t i c a l  noise abatement heights are  far i n  excess 
of even the  l e a s t  demanding of t h e  categorized landing conditions 
(CAT I--visual control from a 200-foot height associated with a 
runway v i s i b i l i t y  of 2600 f e e t ) .  Although op t i ca l  v e r t i c a l  guid- 
ance systems such a s  the  I C A O ,  VASI, and Navy "Mir ror"  system 

One cannot assume t h a t  visual  guidance w i l l  be avai lable  
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have been considered for the  s teep angle approach, they would 
not be su i tab le  for low v i s i b i l i t y  o r  IFR operation. Furthermore, 
it i s  l i k e l y  t h a t  the desired aiming point of t he  steep path may 
vary considerably between a i r c r a f t .  
angle  paths t o  a s ingle  ground point.  

Optical paths are but s ing le  

6 



11. GEOMETRY OF PATH 

A carefu l  study of  the path geometry i s  needed, because 
the s teep angle approach f o r  a n  a i r c r a f t  with a given speed, 
configuration, mass, aerodynamics, etc., m a y  need a d i f f e ren t  
approach aiming point and steep path angle than another a i r c r a f t .  
Differing f l a r e  heights and d i f fe r ing  threshold conditions are  
a l so  l i k e l y  i n  future  operations where, i n  addi t ion t o  conventional 
a i r c r a f t ,  SST, Jumbo, and V/STOL a i r c r a f t  w i l l  be used. It i s  
unl ikely t h a t  a s ing le  path, o r  even a s ingle  contiguous, var iable  
geometry path w i l l  s a t i s f y  a l l  1965-1975 a i r c r a f t  f ly ing  s teep  
angle approaches. Similarly,  t he  f l a r e  propert ies  j u s t  p r io r  t o  
landing already d i f f e r  coasiderably between many ex i s t ing  a i rc raf t - -  
both c i v i l  and mil i tary.  The f l a r e  path geometry below 100 f e e t  
of the B-58 has been measured t o  be qui te  d i f f e ren t  f r o m  a typ ica l  
a i r l i n e  j e t  t ransport .  It i s  l ike ly  t h a t  a f l ex ib l e  path with a 
variable geometry w i l l  u l t imately be  adopted. The SST, because 
of i t s  s i z e  and possible  increase i n  approach speeds, w i l l  d i f f e r  
i n  terminal f l i g h t  path f r o m  a srnall twin-engine a i r l i n e  j e t .  
Yet, both a i r c r a f t  may w a n t  t o  employ noise abatement procedures 
o r  m a y  w a n t  t o  conduct l o w  v i s i b i l i t y  landings on the  same runway. 

Guidance techniques that, are f l ex ib l e  enough t o  s a t i s f y  
such divergent types o f  a i r c r a f t  c a l l  f o r  various guidance paths,  
d i f f e r ing  considerably from the single path of ex i s t ing  ILS, 
p a r t i c u l a r l y  i n  the v e r t i c a l  plane. 

been under t e s t  and development by FAA, USAF, and others.  Langley 
Research Center employed port ions of such a system f o r  t h e  ear ly  
NASA s teep  angle f l i g h t  research (C-47, T-33, and F-102). The 
basic  cha rac t e r i s t i c  of the remote scanning beam system i s  t h a t  
of a f u l l  family of angles radiated v e r t i c a l l y  from as low as  
)$ degree t o  a s  high as  20 degrees. 
p rec is ion  range (now multiplexed i n  the  FAA prototype equipment) 

For  some years a microwave scanning beam system has 

The addition of integrated 



permits the  computation of f l e x i b l e  paths and var iable  geometry 
paths within the individual a i r c r a f t .  
system w i t h  about a 250-foot range accuracy and about a 2/3- 
miliradian (0.003 degree) angular accuracy permits establishment 
of any pa th  t h a t  i s  desired by use of a simple on-board computer. 
Thus, t he  coordinates can be made t o  serve a l l  types of a i r c r a f t ,  
requiring e i t h e r  s teep angles o r  normal paths ,  w i t h  various 
dimensions being used f o r  aiming points ,  f l a r e  heights,  f l a r e  
lengths, e tc .  Although t h i s  proven technique e x i s t s ,  b e t t e r  
def in i t ions  a re  present ly  lacking of how it w i l l  in tegra te  with 
the  exis t ing I L S  whose gl ide path i s  a s ingle  angle, emanating 
from a s ing le  point. 
i t s  l imi ta t ion  forcing a l l  je-t operations t o  be constrained t o  
a single path i n  the  v e r t i c a l  plane. 

A v e r t i c a l ,  polar-coordinate 

Current VHF ILS i s  t o o  r e s t r i c t i v e  with 
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111. ANALYSIS OF CAT I1 ILS AND STEEP ANGLE PATHS 

A methodology f o r  evaluating the current landing system 
(ICAO-ILS) i s  presented i n  th i s  report. The individual e r ro r s  
have been described i n  several  separate documents but never i n  
a s ingle  document where an operational assessment could be made. 
Such a n  evaluation i s  per t inent  t o  both t h e  noise abatement 
f l i g h t  paths and low v i s i b i l i t y  f l i gh t  paths,  because the  problems 
of allowable dispersions of guidance e r ro r s  a re  common t o  all 
paths. Since the  ILS i s  s o  well  known and widely u t i l i z e d ,  it 
i s  e s s e n t i a l  t o  start w i t h  it f o r  any analysis  of instrumented 
approach and landing. 
from t h i s  analysis  ( for  both " l ive"  f l i g h t  t e s t i n g  and highly 
r e a l i s t i c  simulation) w i l l  improve the methodology f o r  examining 
the i n t e r r e l a t e d  problems of guidance, p i lo t ing ,  a i r c r a f t  per- 
formance, p i l o t  performance, and new displays.  

a i r c r a f t  l o w  v i s i b i l i t y  landing studies now being conducted 
within NASA. 
safety,  and aerodynamics of landing can be r e l a t ed  t o  landing 
success. The allowable center l ine e r rors ,  airborne equipment 
e r rors ,  and t h e  normal f l i g h t  e r rors  due t o  wind shear,  turbulence, 
a i r c r a f t  response l i m i t s ,  e tc .  , are of considerable i n t e r e s t .  
These e r r o r s  may obscure the success of a normally good p i l o t /  
a i r c r a f t  combination, since the  corrective maneuvers upon v i sua l  
t r a n s i t i o n  from instrument f l i g h t  may not be possible i n  the few 
seconds of f l i g h t  remaining before ground contact occurs. Thus, 
though the  use of ILS i n  l o w  v i s i b i l i t y  w i l l  be discussed i n  
great  d e t a i l ,  the  d i r e c t  appl icat ion of  the ana ly t ica l  methods 
t o  the  s teep angle noise abatement paths a re  p r a c t i c a l  because: 

Ut i l iz ing  quant i ta t ively derived data  

The e r ro r  analysis  i s  of  d i rec t  significance t o  t h e  

All ILS e r ro r s  and t h e i r  impact on a i r c r a f t  handling, 

1. Each s teep path (both IFR and W R )  must terminate i n  
a normal landing. Thus, the f i n a l  p s r t  of  a steep 
angle path must be the same a s  t h e  f i n a l  p a r t  of a 
normal landing path. 
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2. Much of t h e  discussion 03 e r r o r  d i s t r ibu t ions ,  the 
method of t r e a t i n g  the  e r ro r s  i n  a " t o t a l "  manner, 
and the al located times and terminal conditions arc 
nearly the same i n  t r ans i t i on ing  from a s teep path 
t o  a normal path. The individual quant i t ies  are  
d i f f e ren t  but the basic  methods of analysis  can be 
the same. 

3. The use of separate methods f o r  ana ly t i ca l ly  t r e a t i n g  
the  steep noise abatement paths and the normal low 
v i s i b i l i t y  paths w i l l  only lead t o  fu ture  confusion. 
Since they must eventually be a contiguous path,  the 
treatment of the most sens i t ive  s i t u a t i o n  seems appro- 
p r i a t e  (CAT 11, low v i s i b i l i t y )  a s  the i n i t i a l  e f f o r t  
t o  e s t ab l i sh  the  m a l y t i c a l  methods. 

in tegra te  f u l l y  in to  the f i n a l  landing paths can be 
done by anyone in t e re s t ed  i n  t h e  subject once the  
methodology i s  proven and acceptable. 

4. A l a t e r  treatment of the steeper paths t h a t  must 

When a p i l o t  i s  f ly ing  without outside v i sua l  re fer -  
ences and i s  dependent on the cockpit instrumentation, most  
f l i g h t  t rack information displayed t o  him i s  simple i n  nature. 
It i s  simple because it i s  a steady-state condition f o r  some 
period of time, s o  t h a t  he does not need t o  change mentally h i s  
references o r  perhaps the s e t t i n g s  of h i s  instruments. This i s  
typif ied by the usual f l i g h t  where a course i s  selected w i t h  
ce r ta in  c ru ise  conditions of constant speed and height. These 
selected conditions a re  intercepted from other conditions and 
"bracketed" u n t i l  the  p i l o t  (sometimes the auto-pilot ) estab- 
l i shes  a steady-state coupling t o  these conditions. Usually, 
only one s e t  o f  conditions i s  changed a t  a time. 

form of f l i g h t  i n  the  w a y  of p r e c i s i o i  f l i g h t  and the minimum 
t i m e  avai lable  t o  achieve two-dimensional, precis ion f l i g h t  paths 
i n  increasingly hazardoas conditions (height reduction nea? the 
ground). Thus, the p i l o t  normally brackets the loca l i ze r ,  
intercepting a d  s e t t l i n g  on it a t  a coilstant height. After 
establishing t h i s ,  a steady condition e x i s t s  i n  t h e  l a t e r a l  plane 
and the sloping v e r t i c a l  path i s  then intercepted and bracketed, 

The ILS guidance i s  perhaps the  most demanding of any 
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es tab l i sh ing  an appropriate r a t e  of descent. Even though two 
in te rcept ing  and bracketing jobs have been completed, the steady- 
s t a t e  descent and center l ine path from around 1500 f e e t  a l t i t u d e  
t o  v i sua l  contact with the  ground p e r s i s t s  long eno-agli f o r  the 
p i l o t  t o  s t a b i l i z e  within a given tolerance. 

Upon v isua l  contact with ground references,  t he  p i l o t  
i s  no longer r e s t r i c t e d  t o  the  type of f l i g h t  he has been con- 
s t ra ined  t o  (achieving a s e r i e s  of steady s t a t e  conditions, one 
a t  a t ime),  but can now vary several parameters of f l i g h t  simul- 
taneously i n  a complex and non-restrictive manner. H e  may, upon 
breaking out from an ILS approach, change both h i s  aiming points  
( v e r t i c a l  and l a t e r a l )  simultaneously by s t a r t i n g  a precis ion 
side-step maneuver and a duck-under inaneuver correct ing e r ro r s  
of the ILS guided f l i g h t .  The f l a r e  path i s  then abruptly 
i n i t i a t e d  near t he  ground. This i s  a continuously varying 
f l i g h t  path i n  the v e r t i c a l  p l a e  m d  lasts for as much as  15  
seconds. Jus t  a second o r  t w o  froa touchdown, crab angle must 
a l so  be removed. Thus the  tempo below a 100-foot height may be 
many times the tempo from 1000 f e e t  t o  100 f e e t .  

It i s  obvious t h a t  t h e  p i lo t  can assimilate  much more 
inf oraatioii with higher confidence leve l  and subsequently achieve 
far  more e f fec t ive  path control  when he i s  under visual-f l ight  
conditions. However, i n  any marginal case where v isua l  time is  
t o o  shor t ,  the p i l o t i n g  techniques must be aided by non-visual 
an t ic ipa tory  information before the beginning of v i sua l  f l i g h t  
path control .  

11 



I V .  LANDING SYSTEM ERRORS 

Fundamental t o  a l l  of our discussions in t h i s  repor t  
i s  the landing system t h a t  i s  now in widespread in te rna t iona l  
use--VHF-ILS. The current landing system (ILS) cons is t s  of radio 
center l ine  guidance, v e r t i c a l  radio guidance, and op t i ca l  systems 
(mostly l i g h t s )  t o  a l ign  the p i l o t  with the runway. 
the  v i s i b i l i t y  the more the dependence of the  crew on radio 
gu idaxe .  The objective of radio guidance is  t o  cause the  air- 
c r a f t  t o  be aligned with the runway when f i r s t  v i sua l  ground 
guidance cues becoine available.  The l i g h t s  preceding the runway 
threshold consis t  of a center l ine s t r i n g  about 3000 f e e t  long 
a t  a l l  major a i rpo r t s  and soinetimes 1500 f e e t  long at  a i r p o r t s  
of  l e s s e r  importance. The so-called CAT I landing c r i t e r i a  
require  a f u l l  s e t  of l i g h t s  and r ad io  a ids  for landing. This 
(CAT I) condition requires  t h a t  t h e  p i l o t  has achieved a v i sua l  
coiitact with gpound ( a t  200 f e e t  of height above the  touchdowa 
reference l eve l )  su f f i c i en t  t o  convince him that; he cax land the  
a i r c r a f t  by only v isua l  means. 

down must a l s o  be $ mile o r  2600 feet .  This i s  the so-called 
"200 and condition of CAT I. The "100 and ,/,Ir condition (CAT 
11) i s  s imi la r  with the l i m i t s  cut  i n  ha l f .  
t he  runway is  measured i n  both cases by the  project ion of a 
l i g h t  beam through the atmosphere t o  a photo c e l l  receiver .  
The l i g h t  i n t ens i ty  i s  ca l ibra ted  f o r  day and night and f o r  
the  p i l o t ' s  eye reaction. Its output i s  known a s  Runway Visual 
Range (RVR) since it measures a visual path about 15 f e e t  above 
the  runway surface. 
a t  l e a s t  1200 f e e t .  For  CAT 1 1 1 - A ,  no ce i l i ng  i s  s t ipu la t ed  
but an RVR of 700 f e e t  defines t h i s  condition a s  does an RVR 
of 150 f e e t  f o r  CAT 111-B. The ultimate goal of t r u e  "blind" 
landing or zero-zero v i s i b i l i t y  i s  defined now as  CAT 1 1 1 - C .  
This categorizat ion,  though helpful f o r  regulatory and 

The lower 

The horizontal  v i s i b i l i t y  a long  the runway near touch- 

The v i s i b i l i t y  along 

For Category I1 t h i s  RVR reading must be 



c e r t i f i c a t i o n  purposes, has led  t o  a great  deal of misunderstanding. 
Redundant e lec t ronics  f o r  r e l i a b i l i t y  c r i t e r i a  of CAT I11 can be 
in s t a l l ed ,  though t h e i r  operational use m a y  not include the above 
v i s i b i l i t i e s .  No s t a t i s t i c a l  data  e x i s t s  f rom the f i e l d  a t  t he  
end of the  1966-1967 winter on the operational p r a c t i c a l i t y  of 
CAT 11, Consequently, making CAT 1 1 1 - A  systems and operations 
a mere extension of CAT I1 i s  highly speculative a t  t h i s  stage.  

A. LANDING CRITERIA AND STANDARDS 
The various nat ional  governments pa r t i c ipa t e  i n  the 

Internat ional  Civi l  Aviation Organization (ICAO) t o  formulate 
standards for electronic  and v i sua l  aids.  The f a c t  t h a t  a modern 
a i r c r a f t  can land anywhere i n  the  world today makes i t  imperative 
t h a t  the same standards f o r  l o w  v i s i b i l i t y  e x i s t  i n  the  United 
States as i n  the United Kingdom, France, Germany, India,  Japan, 
e t c .  Since several  hundred landing systems are cur ren t ly  i n  
operation i n  perhaps 30 t o  40 countr ies ,  the  same airborne equip- 
ment and p i l o t  t r a in ing  must apply i n  each landing, no matter 
where o r  when i t  occurs. Standardization i s  highly s ign i f i can t  
t o  t h e  sa fe ty  and r e l i a b i l i t y  of t he  operation as w e l l  a s  i t s  
value t o  the  users .  

Consequently, one of the best; sources of  such informa- 
t i o n  i s  the Internat ional  C iv i l  Aviation Organization i t s e l f .  
I C A O  i s  a branch of the United Nations organization. I C A O  group- 
ings a re :  the A l l  Weather Operations Panel (AWOP), the  Visual 
A i d s  Panel, the Aerodrome, A i r  Routes arld Ground Aids (AGA) Divi- 
s ion,  the  Air Navigation Commission, the  Meteorology and Opera- 
t i ons  Division, and others. These I C A O  groups publish voluminous 
reports. Typical a re :  Reports of meetings; procedures such a s  
the (PAN/OPS) Procedures f o r  A i r  Navigation Services--Aircraft 
Operatioas; Annexes t o  the convention such as Annex 10--Aero- 
nautical  Telecommunications ( e l e c t r i c a l  statidards); Annex 14-- 
Aerodromes ( locat ion of landing and other a ids ) ,  e t c .  L i t e r a l l y  
thousands of pages have been published i n  only the l a s t  f i v e  
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years by the  many sources within ICAO and much of the current 
publ icat ions and i n t e r e s t  i s  centered on all-weather operations, 
p a r t i c u l a r l y  l o w  v i s i b i l i t y  landing. 

t he  improvemezts thought necessary for ILS usage i n  CAT 11, 1 1 1 - A ,  
-B, and -C. 
November 1966) i s  about the  l a t e s t  thinking i n  many of these 
areas  r e l a t i n g  t o  t h e  radio and visual guidance and t h e i r  impact 
on p i lo t ing ,  various types of a i r c r a f t ,  runway lengths ,  e tc .  

of landing a j e t  a i r c r a f t  under low v i s i b i l i t y  conditions,  one 
must study many of these recent documents t o  obtain an overa l l  
view. 
ILS guidance, a i r  t r a f f i c  dens i t ies ,  p i lo t ing  f a c t o r s ,  and the  
aerodynamic capab i l i t i e s  of large j e t  a i r c r a f t  do not ex i s t  i n  
these docine&s. The integrated view o r  the " t o t a l "  view of 
how these many technologies and human elements blend in to  a 

The Fourth A i r  Navigation Conference Report describes 

The COM/OPS Divisional Meeting Report (meeting i n  

Consequently, i f  one is in te res ted  i n  t h e  t o t a l  problem 

In ter re la t ionships  between optical  and l i g h t i n g  guidance, 

sa fe ,  dependable landing system i s  lacking. There is  ser ious 
doubt t h a t  the current ILS accuracy c r i t e r i a  a re  sa t i s f ac to ry  
f o r  CAT I1 if a high probabi l i ty  of landing i s  desired o r  i s  
e s sen t i a l .  This gross  in te r re la t ionship  can only be developed 
by analysis.  A f irst  attempt i s  presented here. F l igh t  valida- 
t i o n ,  and then extensive simulation using techniques with t r u e  
realism of  the s i t u a t i o n  can extract without r i s k  much needed 
s t a t i s t i c a l  data  on several  e r r o r  components. 

The high r i s k  of even CAT I landing system operation 
and VER landing of heavy j e t  a i r c r a f t  i s  already evident. About 
half  of a l l  a i r l i n e  f a t a l i t i e s  a r e  d i r e c t l y  r e l a t ed  t o  landing. 
The reduction of f a t a l i t i e s  i n  other areas  i s  occurring, with 
a r e s u l t a n t  increasing need t o  eradicate the  landing accident. 
The increase of r i s k  f o r  CAT I1 as compared with CAT I ( the 
only s t a t i s t i c a l  base we have) i s  not  known. The estimation 
by a t  l e a s t  one expert i s  t h a t  the  r i s k  f o r  CAT I1 w i l l  be two 
orders of magnitude greater  than that f o r  CAT I. This and other 



factors suggest that extensive research is needed to more 
realistically establish the risk levels of CAT 11. 
zation of landing operations a d  equipments does no$ mean that 
all categories are not a contiguous representation of the same 
problem. The pilot and aircraft follow but one contiguous path, 
no matter how hard it is to define in writing or with visual 
and electronic aids. 

The categori- 

The technical means of visibility measurement are such 
that to discriminate between CAT I1 and CAT 111-A may be a 
matter of opinion rather than science, since we are dealing 
with such small differences and differences that vary rapidly 
with time, pilot psychology, visual acuity, a d  the viewing 
location relative to the runway. One must in reality, and as 
a scientific principle, consider the total problem and not break 
it into categories as it has been, even though it is necessary 
to categorize it in several steps for legal and administrative 
purposes. 

from CAT I to CAT I1 calls for changes of 100 feet of decision 
height, and 1300 feet of runway visibility. These changes are 
sufficiently large that they can be approximately measured 
within reasonable limits. The change of only 500 feet of RVR 
between one operation considered safe or legal and another con- 
sidered unsafe o r  illegal (CAT I1 to 111-A) has not been scien- 
tifically documented. It is an administrative tool for pro- 
gressive authorization of lower visibility based on experience 
aith the preceding condition. The arrival at an unsafe condition 
should be determined beforehand by scientific methods; not by 
the statistics of airline landing accidents. 

briefly to find a means to flight validate or simulate these 
conditions quantitatively. For example, the limits of CAT I 
and I1 side-step maneuvers (correction of laterally dispersed 
errors) will vary drastically with aircraft size , speed, 

The next major step (not yet achieved) of progressing 

The current ILS and lighting standards are discussed 
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response, and p i l o t  t r a in ing  ( s k i l l  i n  picking up v isua l  cues 
i n  l o w  v i s i b i l i t y ) .  
form f o r  CAT 11, f o r  CAT 111-A,  etc.? The methods employed t o  
assess  these l i m i t s  w i l l  be t o  create maneuvering "windows" 
under these specif ied conditions. Whether t h e  a i r c r a f t  can 
maneuver f rom the e r ro r  l i m i t s  within the  "window" t o  a safe ,  
rout ine landing i s  the question at  hand. Extensive t e s t i n g  
and f l i g h t  research w i l l  probably be needed t o  obtain answers 
f o r  even one spec i f ic  type of a i r c r a f t .  There i s  an obvious 
difference between a large sluggish j e t  t ranspor t  (s t re tched 
DC-8, 320-C, o r  747) and a small, highly maneuverable l i g h t  
twin a i r c r a f t .  The approach speed has a major influence; however, 
such l i m i t s  as the m a x i m u m  bank angle possible  w i t h  underslung 
pods of most l a rge  j e t s  d ra s t i ca l ly  limits the  extent of side- 
s tep  possible  when returning t o  center l ine f rom a low decision 
height. The mc~;~n, t  of increased ve r t i ca l  sink r a t e  t h a t  can 
be safe ly  a r res ted  by p i l o t  maneuvering a l so  d i f f e r s  both f o r  
each a i r c r a f t  and f o r  each range of v i sua l  contact height i n  
low v i s i b i l i t y  conditions. 

What are these l i m i t s  i n  a quant i ta t ive  

B. STATISTICAL PRESENTATION OF LANDING SYSTEM m 0 R S  
I n  t h i s  sect ion an attempt i s  made t o  r e l a t e  the now 

c l ea r ly  defined e r ro r s  i n  the  various elements of the ILS system 
t o  a probabi l i ty  of what t o t a l ,  center l ine,  v e r t i c a l ,  and longi- 
tud ina l  e r r o r  dispersion might be a t  the time of v i sua l  breakout. 
The p i l o t  t r a n s i t i o n  t o  v i sua l  f l i g h t  guidance can c rea te  unex- 
pected and vaguely evident ser ious errors .  About 3 t o  8 seconds 
are  required t o  e s t ab l i sh  a wholly adequate v isua l  reference. 
A l l  p a r t i e s  seem t o  agree t h a t  t h i s  i s  the progressive way t o  
proceed f o r  t he  next two decades (instrument t r a n s i t i o a  t o  
v i sua l  landing). Consequently, what t he  p i l o t  sees i n  the 
f i rs t  few seconds a f t e r  the first visual  cues come above v isua l  
threshold,  but before ground contact, i s  of enormous significance.  



1. PROBABILITY PERCENTAGES 
It i s  convenient i n  most  navigational e r r o r  discussions 

t o  quote the 95% probabi l i ty  of a given value not being exceeded. 
This, of course, means t h a t  when t h i s  value i s  establ ished,  some 
5 percent of the readings w i l l  exceed t h i s  value. I n  s t a t i s t i c a l  
terms t h i s  c losely approximates a 2 sigma, o r  2 standard devia- 
t ions,  value which allows for more de ta i led  s t a t i s t i c a l  treatment 
if the ac tua l  measurements of t h e  e r rors ,  preferably a few hundred, 
ex is t .  

Each t o t a l  system e r r o r  i s  made up of several  separatftly 
ident i f iab le  errors .  
aggregate) e r ro r  i s  composed of ground systems e r ro r ,  a i r c r a f t  
systems e r ro r ,  and p i lo t ing  e r ror .  Since each of these i s  usual ly  
determined separately but can add i n  e i t h e r  d i r ec t ion  with the 
others,  the ru l e  of the root-summed-square (RSS) method i s  employed 
t o  provide an overal l  system usage error .  
the square r o o t  of the sum of the  squares (RSS) ;  however, each 
element must be i n  the  same s t a t i s t i c a l  terms. For exanple, they 
should a l l  be i n  terms of 2 sigma ( o r  95% probabi l i ty ) ;  not i n  
terms of  one sigma and others i n  terms of th ree  sigma. Since 
I C A O  standards often express the  individual e r ro r s  i n  terms of 
varying probabi l i ty ,  the e r ro r s  must f i r s t  be converted t o  a 
common probabi l i ty  bas i s  before taking t'ne RSS of t he  group. 

bution. I f  one s ide of the d i s t r i b u t i o n  i s  favored f o r  some 
reason, spec ia l  treatment i s  needed t o  take account of  the  lack 
of adherence t o  the normal o r  Gaussian d i s t r i b u t i o n  curve. 

For example, the  VOR system t o t a l  ( o r  

This i s  done by taking 

This assumes, i n  most  cases,  a standard o r  normal distri-  

T a b l e  I on page  42 summarizes the  current (1967) I C A O  
material on loca l izer  errors .  The information may be i n  the  fopm 
of "95% probabi l i ty"  o r  "one standard deviation." I n  a l l  cases 
they have been t rans la ted  t o  "3 sigma" values. 
dimensions t o  a standardized e r ro r  analysis  t h a t  i s  consis tent  
with the catastrophic nature of CAT I1 and I11 landing errors. 

This r e l a t e s  a l l  
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Generally speaking, f a t a l i t i e s  i n  landing operations (including 
approach) outnumber a l l  other f o r m s  o f  f a5a l  accidents. The 
following t a b l e  c l a r i f i e s  t h i s  point. 

APPROXIMATE lWMBFJ? OF SAMPLES PER THOUSAND 
EXCEEDING A GIVEN VALUE 

Number of Standard 
Deviations of  Sigma As s u e  Assume 
Values Gam s ri aQ Exponential 

-I 

1 320.0 -- 
2 50.0 50.0 
3 3.0 12.0 
4 0.01 3.0 
5 0.001 1.0 

This i s  t o  say 320 times out of a thousand an allowable sigma ILS 
err@- i s  exceeded. A t  4 sigma the exponential value i s  about 
300 times as great  as Gaussian values, and a t  5 sigma it i s  
nearly 1000 times. Inadequate da ta  e x i s t s  t o  determine whether 
ILS e r ro r s  a re  Gaussian o r  exponential. Consequently, the  term 
"worst  e r ro r "  i s  used. Also,norules e x i s t  a s  t o  how many aborted 
approaches t o  CAT I1 l i m i t s  w i l l  be acceptable. A recent  UK 
study ind ica tes  t h a t  they have been as high as 40 t o  45% for 
propeller-driven a i r c r a f t .  With the r i s k  assumed with a j e t  
under these circumstances (estimated by some t o  be 10 t o  100 
times t h a t  of CAT I ) ,  the 3 sigma approach t o  CAT I1 and I11 
ILS e r ro r s  seems f u l l y  ju s t i f i ed .  

requires  special  treatment. Inadequate da ta  e x i s t  today on these 
measurements f o r  suggesting anything but the simplest of t r e a t -  
ment. However, a t  l e a s t  the known exceptions do ex is t .  I n  the  
case of t he  dispersion of v e r t i c a l  guidance, FAA measurements 
i n  1962 indicated t h a t  the f l i g h t  path deviation and curvature 
during v i sua l  flare-to-land did n o t  follow a normal d i s t r ibu t ion ,  

The skewness o r  asymmetry from a normal d i s t r i b u t i o n  



but had more dispersion on the  high s ide than on the  l o w  side.  
This might be expected when the  operation ( f ly ing  toward a possible 
obstacle, e-g. ,  the  ground) i s  considered. The other case involves 
some of the more o r  l e s s  permanent radio beam-bends t h a t  can e x i s t  
i n  a spec i f ic  l oca l i ze r  o r  g l ide  path t h a t  would not obviously 
follow a normal dispers ion curve r e l a t i v e  t o  the spec i f i c  intended 
path and runway location. 

r e su l t  i n  other than a "normal" o r  "standard" d i s t r ibu t ion ,  others 
may be evident a s  research continues on t h i s  subject.  
a cross wind causes the  a i r c r a f t  t o  head measurably i n t o  the  wind 
(crab-angle) t o  maintain a course down the  center  of t he  loca l i ze r  
path. 
down locat ion,  since most a i r c r a f t  have the  loca l i ze r  antenna 
some distance longi tudinal ly  from the  center of t h e  wheel imprint. 
I f ,  for example, a nose-moxnted loca l i ze r  antenna i s  70 f e e t  
ahead of t he  a i r c r a f t ' s  main gear and the  a i r c r a f t  i s  crabbing 
6 degrees, the  l a t e r a l  displacement from the  loca l i ze r  antenna 
of  the wheel touchdown w i l l  be about 7.5 f e e t .  For a spec i f i c  
se r ies  of landings under a sustained cross-wind condition, t h i s  
is  no t  a normally d i s t r ibu ted  e r ro r ,  However, lacking anything 
more de f in i t i ve  and with the objective of  avoiding complexities 
of s t a t i s t i c a l  treatment, we w i l l  assume the  RSS method of t r e a t -  
ment. 
same probabi l i ty  terms. 
standards are  not s o  s t a t ed ,  they w i l l  be converted wherever 
necessary . 

Even though these a re  recognized phenomena t h a t  would 

For  example, 

This a l so  c rea tes  a l a t e r a l  e r ro r  i n  the main gear touch- 

We w i l l ,  however, i n s i s t  t h a t  a l l  e r ro r s  be s t a t ed  i n  the 
Since mos t  of the  ILS e r ro r s  i n  I C A O  

2. ONE, TWO, AND THREE STANDARD DEVIATION (S.D.)* ERRORS 
I N  LOW VISIBILITY LANDINGS 

F o r  VOR and s imi la r  rad io  navigatioa systems it i s  
popular t o  t r e a t  the  e r ro r s  i n  terms of 95% probabi l i ty ,  or approx- 
imately 2 S.D.  values. Thus, t he  th ree  main e r ro r s  (ground, a i r ,  

A Standard Deviation (S.D.) e r r o r  value i s  equivalent t o  a one 
sigma error value. 
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and f l i g h t )  are t rea ted  and a t o t a l  system er ror  emerges. 
i n  VOR navigation, an e r ro r  i s  seldom f a t a l  t o  the  p i l o t  o r  a i r -  
c r a f t .  
i s  based on separations between multiple a i r c r a f t ,  o r  a i r c r a f t  
and obstacles several  times as  great as  the 95% figure.  
r e a l i t y  makes the system a 3, 4, or maybe 5 sigma system. 

i n  l i n e a r  u n i t s  such as f e e t  or  meters become embarrassingly 
s m a l l  f o r  such treatment. 
ex i s t s ,  s o  t ha t  each side has many miles of airspace,  such l imited 
treatment i s  jus t i f ied .  
dangerous, whereas the area above i t  is  l e s s  dangerous. The 
l a t t e r  case can lead t o  other d i f f i c u l t i e s ,  as we s h a l l  see,  i f  
used excessively. Similarly,  the horizontal  l a d i n g  path 
( loca l i ze r )  which i s  displayed t o  the p i l o t  on h i s  Course Deviation 
Indicator  (CDI) d i f f e r s  rad ica l ly  from a VOR path indicat ion 
since the  only-safe termination i n  CAT I1 and I11 i s  the r e l a t i v e l y  
narrow width of  the runway.  
small f r ac t ion  of the t o t a l  width of t he  course indication. 

within the  f u l l  scale  l i m i t s  of the  CDI. It happens i n  many 
cases t o  be the  same instrument that  is  used f o r  loca l izer  and 
VOR airway f ly ing ,  but with different s ens i t i v i ty .  This VOR 
tolerance of f l i g h t  following a C D I  i s  f a r  from adequate i n  the 
case of t h e  ILS loca l izer  indication as we s h a l l  see when we 
examine the  e r r o r s  i n  d e t a i l .  With no radio guidance e r ror  
(which never occurs),  the typ ica l  runway i s  represented by l e s s  
than one quarter  f u l l  scale indication of the typ ica l  C D I .  That 
i s  t o  say, other things being p e r f e c t ,  the p i l o t  o r  autopi lot  
must be control l ing the a i r c r a f t  within l e s s  than one f i f t h  of 
the  C D I  indicat ion i n  order t o  have the wheels of the  a i r c r a f t  
pass sa fe ly  over the inside edge of the runway. When the  width 
of the wheels of a given a i r c r a f t  i s  considered, crab angle, and 

However, 

Ei ther  such errors  go undetected o r  the airspace planning 

This i n  

However, i n  landing of aircraft ,  the  l i m i t s  measured 

Where no  obvious bias along an airway 

The area below a g l ide  path i s  highly 

This terminal condition is a very 

I n  the  case of the VOR, one can usual ly  assume safe ty  
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errors  of the radio guidance, t h i s  allowable p i lo t ing  e r r o r  turns 
out t o  be considerably l e s s ,  approaching something as small as  
a 5% indication. 

The point t o  be made here i s  t h a t  both 2 and 3 sigma 
values must be f u l l y  considered i n  view of t h e  nature of t h e  
r i s k  of the landing operation i n  CAT 11. Where a 2 sigma e r ro r  
analysis sufficed i n  the  pas t  f o r  normal a i r  navigation of 
airways, 3 sigma or even 4 sigma e r ro r s  must be considered i n  
CAT I11 landings. 
a fatal s i tua t ion ,  but merely t o  provide a means of quant i ta t ive ly  
expressing the l i m i t s  of a i r c r a f t  pos i t ion  t h a t  can occur a t  
t h e  c ruc ia l  t r a n s i t i o n  from ILS o r  radio guidance t o  v i sua l  
guidance. I f  the p i l o t ,  f o r  example, has essen t i a l ly  an "on- 
course" indicat ion yet  upon v i sua l  brejkout f inds  he i s  not 
aligned with the center l ine of t he  runway, but considerably t o  
one side,  h i s  confidence i n  maneuvering t o  t he  center i n  the  
short remaining time f o r  a sa fe  touchdown must be tempered with 
experience, t ra in ing ,  and standards t h a t  f u l l y  i n f o r m  him what 
i s  safe o r  not safe ,  since no time i s  avai lable  f o r  carefu l  
decision making. This s i t u a t i o n  i s  a p o s s i b i l i t y ,  say,  th ree  
t i m e s  out of a thousand approaches, 

w i l l  of ten discuss t h i s  th ree  i n  a thousand probabi l i ty  of 
occurrence. Whether t h i s  i s  adequately high i s  not known. 
Beyond a 3 sigma value, e r ro r s  need spec ia l  s t a t i s t i c a l  treatment. 
The question of the p i l o t  aborting the  approach i n  such cases 
(and many 2 sigina cases) must be raised.  
the  p i l o t  during takeoff being "go-minded," when a j e t  has 
reached ce r t a in  ground heights ,  there  may be a s imilar  concept 
which says he must be "landing-mindedft r a the r  than "abort-minded, 'I 

since the r i s k s  of both may be qui te  s i m i l a r  and high. London 
a i r p o r t  s tudies  indicate  tha t  the  number of missed approaches 
increases f r o m  22% t o  46% when the  RVR f a l l s  from 2200 f e e t  t o  

This i s  -not t o  say t h a t  the  p i l o t  w i l l  encounter 

Since t h i s  approximates the 3 sigma (99.7%) case, we 

A s  i n  the  concept of 

22 



1300 feet. 46% is obviously intolerable, since the risk may 
have risen 10 to 20 times along with the rise in probability 
of a forced abort because of flight and guidance errors. It is 
of significance to note London's runways are much wider than 
most U.S. runways. 

By examining these errors and their probability of 
occurrence, we can them simulate these conditions in actual 
aircraft or with electronic o r  other type synthetic flight 
simulation. 
stances can be measured quantitatively. This should aid in 
establishing a flight test program and a simulator program 
that utilizes such quantitatively derived samples rather than 
merely letting a pilot fly whatever is at hand and obtain a 
qualitative pilot opinion. The exposure to the various errors 
at specific, realistic visual transition points is important, 
since n o  report& cmtrollec? t e s t s  of this nature have been 
conducted. 
been examined in only a cursory manner. Most tests to date 
have been for a specific purpose, such as attempting to examine 
the sensitivity of the particular element that was the subject 
under investigation (lighting patterns--coloring of lights, 
intensity of lights, etc.). The full gamut of testing the 
spectrum of the probable errors has not yet been attempted. 

Since examination of this in any great mathematical 
detail must await the collection of statistically significant 
samples by various methods of low visibility flight research, 
it is the intention here only to outline (1) methods for the 
collection of this data, (2) the extent of the 2 and 3 sigma 
errors in l o w  visibility as now prescribed by the I C A O  and FAA 
standards, and (3) the methodology of a more extensive program 
that will permit a scientific attack on this complex problem. 
The collection of this data must take place before the real 
significance of the 2, 3 ,  or 4 sigma errors in a hazardous 

What the pilot will do or can do under the circum- 

Real o r  simulated low visibility conditions have 
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operation such as  l o w  v i s i b i l i t y  under CAT I1 and III-A and -B 
can be established. Such da ta  must obvio-usly be t r ea t ed  d i f f e r -  
ently from normal navigational e r ro r s  because of t he  high proba- 
b i l i t y  of a given e r r o r  being f a t a l .  

Some experts t a l k  i n  r e l i a b i l i t y  terms of olie pa r t  per 
million or one pa r t  per 10 mill ion.  Often t h i s  i s  applied t o  
only one aspect of the problem (say an automatic p i l o t  f a i l u r e ) .  
The use o f  even one p a r t  i n  a mil l ion for a t o t a l  system c r i t e r i a  
would be extremely s t r ingent  by today 's  standards. Yet, it must 
not be ignored conceptually i n  the  research of low v i s i b i l i t y  
landing problems. To approximate t h i s ,  examples w i l l  be given 
of the sum of a l l  e r ro r s  and w i l l  be noted a s  the  t o t a l  I t w o r s t -  
case" e r ror .  

C. THE ICAO ILS-LOCALIZER STANDARDS 
To r e f l e c t  the l a t e s t  thinking of e r ro r  quan t i t i e s  

now being considered, t he  ICAO COM/OPS Divisional Meeting of 
November 1966 (DOC 8636) issued i n  ea r ly  1967 i s  used as a 
reference. This r e f l e c t s  most  of the All Weather Operations 
Panel (AWOP) repor t s  and i s  nearly c e r t a i n  of in te rna t iona l  
adoption. 
f ica t ions  of Annex 10 t h a t  have been under review f o r  several  years. 

It d e t a i l s  f o r  example the  revis ions t o  the ILS speci- 

The concept of  a s ingle  "ILS Reference Point" has been 
abandoned, and 5 points  now describe c r i t i c a l  posi t ions of ILS. 
These a r e  i l l u s t r a t e d  i n  Figure 1. Point A i s  located on the 
glide path a t  4 NM f r o m  threshold; point B i s  a s i m i l a r  point 
3500 f e e t  f rom threshold; point C i s  a t  a height of 100 f e e t ;  
and point D i s  on t h e  loca l i ze r  20 f e e t  above the  r u n w a y  surface 
but 2000 f e e t  inside the  runway threshold. A n  "ILS Reference 
Datum-Point" d i r e c t l y  above the  runway threshold and on the 
center of t he  ILS path has also been added. The objective of 
the  "datum-point" i s  t o  define the in t e r sec t ion  of  g l ide  and 
loca l izer  paths r e l a t i v e  t o  threshold conditions. Variation 
i n  glide angle and loca t ion  of t he  g l ide  path t ransmit t ing 
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antenna do not cause wide var ia t ions  i n  t h i s  concept of a n  ILS 
Reference Datum-point. For  example, a low gl ide  angle can 
achieve the  same point (height above threshold) by being located 
fur ther  from threshold. Similarly,  a high angle o r ig in  estab- 
l ishing the same point would be located nearer threshold.  

The g l ide  path i s  designed t o  e s t ab l i sh  the  e l e c t r i c a l  
center a t  a height over threshold of 50 f e e t  plus  10 f e e t  t o l e r -  
ance. Glide path var ia t ions  r e s u l t  i n  la rge  longi tudinal  var ia-  
t i o n s  a f fec t ing  loca l i ze r  guidance, The lower tolerance of 
threshold height of the g l ide  path i s  e s s e n t i a l l y  zero f o r  CAT 
I1 and 111. It can be 10 f e e t ,  however, f o r  CAT I conditions. 
The negative tolerance has been removed f o r  CAT I1 and 111, 
inferr ing t h a t  the average height w i l l  exceed 50 f e e t  and can 
be as  g rea t  a s  60 f e e t .  The p i l o t ' s  eye i s  near the e l e c t r i c a l  
path but the wheels are  typ ica l ly  15 t o  20 f e e t  lower, This 
can be a highly sens i t ive  dimension, since mos t  da ta  t o  date 
indicates t h a t  for current airl ine-operated j e t s  the  v i s u a l  
f l i g h t  path over t b e s h o l d  i s  around 20 f e e t  (wheel height)  
w i t h  75% of a l l  landings being l e s s  than 26 f ee t .  This places 
the  p i l o t ' s  eyes about 40 f e e t  above and over threshold. Whereas 
a CAT I g l ide  path might be e l e c t r i c a l l y  oaly 40 f e e t  above 
threshold, a CAT I1 o r  111 gl ide  path must be a t  l e a s t  50 f e e t  
above t k e s h o l d  and a path a s  high as 60 f e e t  above threshold 
i s  permissible. This c rea tes  a spread of 20 f e e t  i n  the speci- 
f i ca t ions  between CAT I1 and CAT I. The eye l eve l  dispers ion 
i s  even grea te r ;  abotlt 30 f e e t  f o r  va r i a t ions  i n  WR, I F R ,  and 
a i r c r a f t .  A 60-foot path would place the typ ica l  wheel height 
a t  about 45 f e e t ,  whereas a 40-foot path would place the  wheel 
height a t  25 f e e t .  
sink r a t e  and f l i g h t  path a re  es tabl ished by f ly ing  the 2.5 t o  
3.0 degree path of the  ILS g l ide  slope. The 1962 FAA v i s u a l  
landing measurements data  indicated t h a t  t he  normal v isua l  path 
i s  about half  t h i s  angle (a l so  about half  the  sink r a t e )  and 
displaced below the lowest of t he  specif ied I C A O  paths. This 

I n  both cases the  assumption i s  t h a t  t he  
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s i t u a t i o n  a l s o  has a large bearing on t he  "approach-aiming" 
point ,  which i s  the  point the  p i l o t  would f l y  toward oa a s t r a i g h t  
g l ide  path and touchdown if no f l a r e  path w a s  executed. 
i s  v i sua l ly  qui te  evident t o  the p i lo t  upon landing, and there  
is  a growing indicat ion t h a t  p i l o t s  "duck-under" t o  correct  
the  ILS aiming point t o  more nearly meet t h e i r  v i sua l ly  desired 
f l i g h t  aiming point.  There is  pressure frora those using radio 
a l t imeters  t o  e s t ab l i sh  as much height over threshold a s  possible ,  
since the  requirement e x i s t s  f o r  a level ,  plane surface f o r  t h e  
radio al t imeter  controlled f l a r e  t o  funct ion s a t i s f a c t o r i l y .  
Terrain i r r e g u l a r i t i e s  before threshold e x i s t  a t  most  a i r p o r t s  
i n  the  United States .  The construction standards c a l l  f o r  only 
200 f e e t  of  f l a t  overrun. Many a i r p o r t s  have t e r r a i n  va r i a t ions  
t o t a l i n g  30 t o  100 f e e t ;  l e s s  than 3500 f e e t  from threshold. 

This 

I. I C A O  ILS PCIETS A ,  B, C, D 
Points A, B, C ,  D a r e  u t i l i z e d  i n  the standards t o  

define the  course qua l i ty ,  beam bends, p i l o t  e r ro r s ,  e tc . ,  a t  
the spec i f i c  distances f rom threshold o r  touchdown. The poin ts  
have d i f f e ren t  allowable e r r o r s  f o r  CAT I, CAT 11, and CAT 111. 
Consequently, one can obtain rather de f in i t i ve  data  from the 
standards t h a t  have been established f o r  these operations. The 
re la t ionship  of these spec i f ic  e r r o r s  t o  a i r c r a f t  maneuvering 
l i m i t s  and p i l o t  handling problems can  then be examined on a 
1, 2 ,  and 3 sigma bas is ,  since the  probabi l i ty  l i m i t s  a re  given 
i n  mos t  cases. Figure 2 i l lustrates  the  loca l i ze r  course 
widths a t  threshold and a t  point B. This i s  the m a x i m u m  allow- 
able width and i s  defined i n  the cockpit by f u l l  scale  deviation 
of t he  loca l i ze r  needle consis t ing of a s igna l  of 150 micro- 
amperes through the C D I .  This i s  also defined i n  terms of 
modulation percentages and is  known a s  the  Difference i n  Depth 
of Modulation (0.155 DDM) between the 90 and 150 cps, r igh t -  
l e f t ,  s ignals .  
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The loca l izer  s ens i t i v i ty  i s  var ied i n  angular u n i t s  

Angular s e n s i t i v i t i e s  of between 2 degrees and 3 
t o  achieve the nominal 700-foot course wid th  (2350 f e e t )  a t  the 
threshold.  
degrees for a half sector w i d t h  a r e  used t o  achieve t h i s  r e s u l t .  
The narrow angle being used on long runways and the  wide angle 
on s h o r t  runways is  i l l u s t r a t e d  i n  Figure 3. Figure 4 i l l u s -  
t ra tes  the  p i l o t ' s  display sens i t iv i ty  i n  terms of deviat ion 
from runway centerline.  A t  point B t h e  a i r c r a f t  i s  3500 f e e t  
from the  threshold but 14,500 f e e t  from the loca l i ze r  t r a n s m i t -  
t e r  i n  t h i s  example. An example of a shorter  runway w i t h  a 
wider angular course r e s u l t s  i n  s l i gh t ly  wider dimensions 
(about 10% more) a t  t h i s  point.  However, as the  a i r c r a f t  
approaches the threshold the  e r rors  i n  terms of f e e t  for a 
given C D I  current o r  other e r ro r  indication i s  the  same f o r  
sho r t  and long  r u n w a y s  as  shown i n  Figure 3. Following the  3 
sigma concept, the wides t  course w i l l  be used i n  these examples, 
since there  is a tolerance of ten percent on the  course w i d t h .  

t i o n  (other e r r o r s  being zero) when he i s  about 500 f e e t  o f f  
the extended runway centerline.  Point B is a t  an approximate 
height of 200 t o  250 f e e t  depending upon gl ide angle and path 
height a t  threshold. 

Figure 5 i l l u s t r a t e s  the errors according t o  the  
recent I C A O  standards. It w i l l  be noted that when these a re  
r e l a t ed  t o  point B, each has a different  sigma value as  estab- 
l ished by ICAO.  For example, receiver centering is  given i n  
one-sigma values and course bends are  given i n  2 sigma values. 
The t o t a l  w o r s t  case i s  shown f o r  i l l u s t r a t i v e  purposes by adding 
a l l  tolerances as s ta ted  without converting t o  a common base, 
including the  25-microampere pi lot ing e r ro r  quoted i n  FAAAC 120-20 
A s  noted i n  Figure 4, t h i s  i s  equivalent t o  about 25/l5O or  1/6 
of a fu l l - sca le  deflection. On CDI indicators  w i t h  a "5-dot" 
f u l l  sca le ,  t h i s  i s  an amount l e s s  than a "1-dot" f ly ing  

I T h i s  r e s u l t s  i n  the p i l o t  having (point B) a fu l l - sca le  indica- 
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accuracy. It i s  in te res t ing  t o  note that the CDI indicat ion 
e r ro r  allowed f o r  the VOR p i lo t ing  e r r o r  i s  1/4 sca le ,  equiva- 
l e n t  t o  2.5 degrees, i n  the VOR system calculat ions.  N o  reasons 
f o r  t h i s  difference are  indicated,  proSably because no va l id  
t e s t  data ex is t s .  

Let us  assume the fo l lowing  e r ro r  d i s t r ibu t ion :  
Monitor e r r o r s  99Yp-thus 1% f a l l  outside t h i s  value. 
Course bends 95%--thus 5% f a l l  outside t h i s  value. 
Receiver centering e r r o r s  68Yp-thus 32% f a l l  outside t h i s  
value. 
P i l o t  maneuvering e r rors  95%--thus 5% f a l l  outside t h i s  
value. 

It can be seen tha t  it i s  d i f f i c u l t  t o  a r r ive  a t  an assessment 
of the e r ro r s  i n  representat ive cases. Consequently, Figure 6 
makes some assumptions that  need validation. By converting 
the errors t o  values w i t h  common probabili ty f igures ,  they can 
be given an RSS value. As ind-icated previously,  because of 
the  high r i s k  a t  these and lower points on the ILS t h a t  occur 
without visual  contact,  3 sigma values are considered conserva- 
t i v e l y  r e a l i s t i c  i n  analysis of CAT I1 s i tua t ions .  

the sum of the  squares (RSS) i s  t h e  method usual ly  employed t o  
represent the  most probable e r ror  (assuming each e r r o r  i s  i n  
equivalent te rms) .  
of t h i s  group i s  236 f e e t ,  the  RSS of these e r ro r s  i s  143 f e e t .  
It i s  in t e re s t ing  t o  note tha t  pi lot ing o r  f l i g h t  e r ro r  alone 
contr ibutes  127 f e e t  of e r ro r ,  s o  that w i t h  t h i s  treatment of 
e r ro r  da ta  a l l  other guidance e r ro r s  have an apparent small 
contribution. 

When several  e r ro r s  a re  t reated,  t he  square r o o t  of 

The t o t a l  of 3 sigma values f o r  each element 
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CONVERSIONS OF ILS LOCALIZER ERRORS 
TO COMMON ( 3  SIGNA) VALUES 

Point B 

33 ft .  . . . . . . . . . . . . .  Monitor E r r o r .  

Course Bends . . . . . . . . . . . . . .  25 f t .  

Receiver Centering E r r o r  . . . . . . . .  51 ft.  

P i lo t ing  Maneuver E r r o r .  . . . . . . . .  127 f t ,  

F l igh t  Error (Manual-Auto) . . . . . . .  
T o t a l  Worst E r r o r s  . . . . . . . . . . .  236 f t .  

Sq. R t .  o f  Sum of Squares. . . . . . . .  143 f t ,  - -- 
T o t a l  Navig. System Errors . . . . . . .  lo9 f t .  

Sq. R t ,  of Sum of Squares (Navig. E r r o r )  66 f t .  
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However, the  e r ro r s  of the navigation equipment taken alone can 
amount t o  109 f e e t  i n  t h e  worst-case and t o  66 f e e t  RSS by t h i s  
method. The log ic  of t h i s  simple s t a t i s t i c a l  treatment i s  t h a t  
a l l  e r ro r s  f o l l o w  normal dispersions and w i l l  not add i n  the  same 
direction. If normally d i s t r ibu ted ,  the t o t a l  e f f ec t  w i l l  tend 
t o  be represented by the RSS f igure .  

However, as  noted previously, t h i s  needs much deeper 
treatment, a s  it i s  possible f o r  a more o r  l e s s  permanent course 
error  t o  p reva i l  at  p i n t  B i n  a l oca l i ze r  o r  a piece of radio 
equipment so t h a t  it canno.5 be considered a t r u l y  normal e r ro r ,  
Similarly, a wind shear can blow an a i r c r a f t  off course a t  lower 
heights, causing addi t ional  f l i g h t  e r ro r s  t o  develop which may 
not have been previously encountered. 
way of detect ing course deviation from wind shear u n t i l  he i s  
observing the  f l i g h t  path of the  a i r c r a f t  along w i t h  the a t t i t u d e  
of the a i r c r a f t  by v i sua l  reference t o  recognize ground objects.  
Although admittedly r a r e ,  the t o t a l  e r r o r  possible i s  shown as 
236 f e e t  a t  point B, 
perhaps 1/108 i f  a t r u l y  normal d i s t r ibu t ion  of  e r ro r s  e x i s t .  
If not, it can have a probabi l i ty  of occurring of ,  say,  1/106. 
We have not considered a t  t h i s  point two addi t ional  l oca l i ze r  
errors t h a t  can be s ign i f i can t :  crab angle and beam deformation 
by objects moving on the a i rpo r t .  Crab angle i s  far  more sensi-  
t i v e  near threshold t h a t  a t  point B; it w i l l ,  therefore ,  be dis- 
cussed l a t e r  i n  conjunction w i t h  other threshold c r i t e r i a .  

The p i l o t  has no r e l i a b l e  

This admittedly has a l ikel ihood of 

2. MONITORING ERRORS 
Although I C A O  c a l l s  f o ?  a 225 f o o t  monitoring tolerance 

of the loca l i ze r  s igna l  at  threshold,  they recommend t h a t  t h i s  
be held t o  215 f e e t ,  i f  possible.  When the  square r o o t  of the 
sum o f  the squares i s  taken, t h i s  has l i t t l e  e f f ec t  as noted 
i n  comparing case I and case I1 below, 



Case I Case I1 
Monitor 25 f e e t  15 f e e t  
Course bends 20 20 l1 

Receiver centering 39 39 I' 

P i l o t  ( f l i g h t  ) er ror  97 'I 97 l1 

(Case I) /625 + 400 + 1521 + 9409 o r  /TT5 = 109.5 f e e t  
(Case 11) E T 4 0 0  + 1521 + 9409 o r  /- = 107.5 f e e t  

A s  seen, the difference i n  the monitoring e r ro r  adds l e s s  than 
2% t o  the  RSS (3 sigma) error .  The large e f f ec t  of  t he  f l i g h t  
e r ror  o n  t h e  t o t a l  dispersion of t h e  a i r c r a f t  l a t e r a l l y  froin 
center l ine requires  considerable evaluation. Given as 25 
microamperes f o r  a 95% (2 sigma case) it represents  37 micro- 
amperes a t  3 sigma and 37/150 or  about 25% of ful l -scale  deflec- 
t i o n  (1.25 d o t s  of a 5-dot CDI--see Figure 4). 
and f l i g h t  val idat ion can provide a s t a t i s t i c a l  base f o r  assessing 
the  reasonableness of the  value of  the f l i g h t  error .  
p i lo t ing  techniques, a i r c r a f t  response, a i r c r a f t  s i ze ,  speed, 
e tc . ,  w i l l  probably produce a different  value f o r  f l i g h t  e r ro r  
of each a i r c r a f t .  It is not known how r e a l i s t i c  the 95Yp-25 
microapere value i s  (FAA AC 120-20); it m a y  be t o o  s m a l l  i n  
some cases and t o o  large i n  others.  Certainly,  it w i l l  have 
considerable significance f o r  the SST. 

in t e re s t ing  t o  note that the  p i l o t  has some 5000 f e e t  of forward 
f l i g h t  t o  correct f o r  t h i s  l a t e r a l  off-set error .  Measured 
(average) touchdowns occur about 1500 f e e t  f r o m  threshold. 
T h i s  is  ample time t o  conduct a side-step maneuver of about 
140 f e e t ,  since w i t h  a height of 200 t o  250 f e e t  and an asso-  
c ia ted  v isua l  range of 2600 f e e t ,  some reasonable bank angles 
can be employed, Much larger  bank angles are s.afe a t  point B 
than at  lower heights. A t  a 200 feet/second forward approach 
speed, some 25 seconds elapse f r o m t h i s  point t o  touchdown. 

Only simulation 

Wind shear, 

Since point B is close t o  a CAT I ce i l ing ,  it i s  

~ 
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This allows about 1.8 secozds f o r  each 10 f e e t  of l a t e r a l  
correction. With fu r the r  l imited bank angles, t h i s  f i gu re  
can r i s e  t o  aboat 4 seconds f o r  each 10 f e e t  of l a t e r a l  correction. 

3. F O I N T  C--lOO FEET 
Figure 7 i s  a s i m i l a r  i l l u s t r a t i o n  made a t  p i n t  C ,  

Assuming a typ ica l  g l ide  slope and threshold (path) 
height, t h i s  point i s  located about 900 f e e t  from the threshold. 
It may vary from about 750 f e e t  t o  about 1150 f e e t  i n  dis tance 
f rom threshold depending upon the combination of path angles 
(from 2.5 t o  3.0 degrees) and path height over threshold (from 
50 t o  60 f e e t ) .  We w i l l  d iscuss  v e r t i c a l  guidance e r ro r s  i n  a 
l a t e r  sect ion,  but some b r i e f  note t h a t  t h e  t o t a l  longi tudinal  
dispersion of e r ro r s  can be f rom 500 t o  1700 f e e t  i s  needed here 
since the  I C A O  de f in i t i ons  f o r  the  100-foot v i sua l  "decision- 
height" determine the  spread of dis tances  that the  a i r c r a f t  can 
be from the  threshold. 

which i s  a point 100 f e e t  high on the indicated g l ide  slope. 

Figure 8 shows the threshold conditions of a 3 sigma 
(3/1000) system e r ro r  and the "worst-case" e r rors .  Even the  
2 sigma system e r r o r  i s  of concern since it amounts t o  about 
150 f e e t  (275 f e e t )  o r  the  t o t a l  width of the typ ica l  (instrument) 
runway. Table I summarizes these errors. 
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CONVERSIONS OF ILS LOCALIZER ERRORS 
TO COMMON (3  SIGMA)  VALUES 

Monitor E r r o r .  . . . . . . . . . . . . .  
Course Bends . . . . . . . . . . . . . .  
Receiver Centering E r r o r  . . . . . . . .  
Pi lo t ing  Maneuver Er ro r .  . . . . . . . .  
Fl ight  E r r o r  (Manual-Auto) . . . . . . .  104 f t .  

Point C 

27 f t .  

21 f t .  

42 f t .  

T o t a l  Worst E r r o r s  . . . . . . . . . . .  194 f t .  

Sq. R t .  of Sum of Squares. . . . . . . .  117 f t .  

. . . . . . .  90 f t .  T o t a l  Navig. System Errors -- 
Sq. R t  . of Sum of Squares (Navig. Error)  55 ft .  
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TABLE I 

LOCALIZER ERRORS 

Nature 
of the  I CAO I C A O  
E r r o r  Reference CAT I1 Amount 

1.Centerline 3.1.4.5.4 225 f t .  
Monitor ( threshold)  

- 
f15 f t .  
(recommended) 

2. Course 
Bends 

3 .Receiver 
Centering 
(airborne) 

4. Polariza- 
t i o n  

5. Lineari ty  
6. Sector 

Width 
Sector 
Width 

T o 1 e r anc e 
Half 
Sector 

7. +io% 

2.1.4 5 microamperes 
or .OO5 DDM* 
(2 sigma) 

(1 sigma) 
2.2.4.1 25 microamperes 

3.1.3.2.2.1 0.008 DDM f o r  

3.1.3.5.5.3 50% 
3.1.1 0.00044- DDM/ft 

20-degree 
bank angle 

3.1.1 700 f t  a t  
Threshold 
770 f t  at  
Threshold 
Ab 0-ire 

Yidth 
P i lo t  C D I  3.1.1 
D i s p l a y  
Full-scale 
Deflect ion 

8. A l l  Flight FAA/AC 
Err o r  s 120-20 
(crab-angle, 
wind-shear , 
normal t r ack  
f o 1 lowing 
engine-out , 
poor heading ) 

3 Sigma 3 Sigma 3 Sigma 
Value a t  Value a t  Value a t  
Threshold Point C Point B 

25 f t  28 f t  33 f t  

20 f t  22 f t  26 f t  

39 f t  43 f t  52 f t  

Unknown f o r  s p e c i f i c  a i r c r a f t  

Applied t o  above as 3 sigma 

850 f t  1030 f t  770 f t  

390 f t  425 f t  515 f t  

23-50 microamperes Various e r r o r s  depending upon 
= 0.155 DDM number of cent e red galvanome- 
= i350 f t  a t  t e r  movements of DC/AC con- 
T h e  shold vers ion f o r  f l i g h t  d i r e c t o r  

or autopi lo t  coupling 

amperes or 1/6 
f u l l  s ca l e  
( l e s s  than "one 
dot"  2 sigma 
value ) 

FAA 225 micro- 97 f t  104 f t  127 f t  

; F - D F 8 r f z n c e  i n  Depth of Modulation 
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D. USEFUL RUNWAY WIDTH - 
Not a l l  of the runway width i s  avai lable  t o  a p i l o t  landing 

a large j e t  t ransport .  The loca l i ze r  antenna f o r  defining runway 
center l ine  i s  normally i n  the nose and on the  cen t r a l  ax i s  of the 
a i r c r a f t .  For  most a i r c r a f t ,  from 12 t o  15 f e e t  must be allowed 
t o  the outboard main wheel f r o m  the a i r c r a f t  longi tudinal  center l ine.  
Crab-angle increases t h i s  f igure.  The t w o  dimensions reduce a 
150-foot runway t o  an effect ive width of about 90 f e e t ,  since the 
p i l o t  has about t h i s  much l a t e r a l  freedom. Figures 9, 10, and 11 
i l l u s t r a t e  these important points.  Thus, the  3 sigma case places 
the a i r c r a f t  110 f e e t  off cen ter l ine  and the  2 sigma case 73 f e e t  
off center l ine.  The m a x i m u m  allowable i s  45 f e e t  off cen ter l ine ;  
thus,  ne i ther  case would be adequate. Another way t o  s t a t e  t h i s  
i s  t h a t  only the 1 sigma case would come close t o  matching the 
dimensions ol" the  usefu l  runway width .  This i s  t o  say t h a t  only 
zbout 68% of t he  cases would be within the  tolerances.  This would 
suggest t h a t  aboxt one approach i n  three (32%) would have t o  be 
aborted f o r  t h i s  reason alone. Since adequate v isua l  contact 
cannot be made i n  CAT 111 u n t i l  over the runway, these tolerances 
would r e s u l t  i n  excessive aborts.  Even i n  CAT 11, cockpit cutoff 
eliminates a l l  but about 2 seconds v i s i b i l i t y  of approach l i g h t s  
a f t e r  passing 100 f e e t .  

These are  important aspects of the  problem t h a t  should 
be quant i ta t ive ly  simulated and f l i g h t  val idated i n  d e t a i l .  More 
w i l l  be sa id  on how t o  u t i l i z e  the data f o r  these purposes l a t e r .  
I n  such low v i s i b i l i t y  it i s  l i k e l y  that t he  p i l o t  w i l l  not f i nd  
t h a t  a "look-see" descent t o  minimums and then a n  in ten t iona l  p u l l  
up w i l l  be acceptable t o  him o r  the authori t ies .  The v isua l  cues 
a re  t o o  fragmentary and the  f a c t  tha t  what might be displayed as  
l l o n I l  runway center l ine  w i l l  not occur when the  p i l o t  sees the 
ac tua l  runway; t h i s  can be a ser ious problem. Even the  naviga- 
t i o n a l  system e r ro r s  can have an RSS value of 50 f e e t ,  s t i l l  
outside the  useful  runway width. This implies t ha t  the p i l o t  
can have h i s  indicator  centered (within one microampere) and s t i l l  
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be 50 f e e t  o f f  center l ine f o r  a 3 sigma case and 37 f e e t  off 
center f o r  a 2 sigma case. 

1. L4TERAL MANmJVEE?ING LTMITS 
It can be argued t h a t  t h e  p i l o t ,  noting h i s  displacement 

on the C D I ,  w i l l  be a l e r t  t o  the  f a c t  t h a t  he should expect t o  see 
the r u n w a y  i n  a c e r t a i n  d i r ec t ion  and with a c e r t a i n  perspective. 
Wind shear and crab angle defeat t h i s  assumption. The e r ro r s  
of the guidance system, unknown t o  him, can s t i l l  be such as t o  
severely misalign him. 
"visual" t o  a centered condition on the  CDI, t h i s  can occur. 
This r a i se s ,  of course, the question of what i s  r e a l i s t i c  f o r  
p i l o t  performance on the C D I .  The FAA AC 120-20 c r i t e r i a  of 
25 microamperes f o r  e i t h e r  manual ( f l i g h t  d i r ec to r )  o r  automatic 
f l i g h t  control ,  i n f e r s  t h a t  l e s s  than 1/6 sca le  o r  a def lec t ion  
of l e s s  than 17% of f u l l  scale  i s  expected of the  p i l o t .  As 
indicated i n  Figure 7 ,  t h i s  amounts t o  104 f e e t  a t  point C f o r  
a probabili ty of 3 sigma ( 3 / l O O O ) .  
(5O/ lOOO)  t h i s  f igure  i s  about 70 f ee t .  This implies t ha t  when 
the  p i l o t  sees the threshold of the  r u n w a y  he can be nearly 
aligned with one edge. 

e r ror  i n  e i t h e r  direct ion.  
by f l i g h t  va l ida t ion  and extreme, r e a l i s t i c  simulation) is:  
"CAN THE PILOT LAND FROM THIS POSITION?" The dynamics of t h e  
a i r c r a f t ,  the  bank l i m i t s  a t  these l o w  heights,  and other f a c t o r s  
w i l l  determine t h i s .  Since the  p i l o t  i s  but 900 f e e t  from 
threshold ( i n  the  bestcase) ,  he ce r t a in ly  cannot be over 
centerline before crossing the threshold. H i s  displacement 
f r o m  the runway edge w i l l  depend upon the  aforementioned fac tors .  

Even though he has flown before becoming 

For a 2 sigma probabi l i ty  

This example assumes t h a t  the guidance s igna l  has no 
The r e a l  question (only answerable 

The length of the f l i g h t  path needed t o  do a l a t e r a l  
side-step maneuver (under cross  winds) t h a t  m a y  terminate only 
a few f e e t  above the ground has measurable quant i t ies  f o r  each 
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a i r c r a f t .  The measured quant i t ies  w i l l  then determine a t  what 
point the p i l o t  would be suf f ic ien t ly  near center l ine  t o  touch- 
down. I f ,  for example, the side-step of  over 100 f e e t  l a t e r a l l y  
f rom a height of 100 f e e t  s t a r t i n g  900 f e e t  f rom threshold re-  
quired 6000 f e e t  of forward f l i g h t  because of bank tingle l i m i t s  
(somewhere between 2 t o  5 degrees), the a i r c r a f t  obviously would 
not land. T h i s  i s  a l a t e r a l  r a t e  of as  much as  30 f e e t  per  10 
seconds. A r a t e  of 20 f e e t  per  10 seconds i s  sometimes considered 
a m a x i m u m  f o r  small e r ro r s  while longer periods per  20 f e e t  a r e  
required f o r  l a rger  errors .  Much of the  I C A O  and FAA da ta  i s  
derived f rom an RTCA (Radio Technical Commission f o r  Aeronautics) 
report  (enti t led "Standard Perf omance C r i t e r i a  f o r  Autopilot/ 
Coupler Equipments, 'I SC-79 paper #31-63/D0-118$ 
describes the trade-offs between bank angle l i m i t s ,  r a t e  of roll 
l i m i t s ,  and the a b i l i t y  t o  r e j e c t  beam noise by e s sen t i a l ly  using 
the  a i r c r a f t  dynamics as a narrow-band f i l t e r .  Encountering wind 
shear,  severe cross wind, o r  a large l a t e r a l  side-step maneuver, 
the sluggish response s o  developed is such as t o  require  a lengthy 
f l i g h t  t r ack  f o r  correct ion t o  centerline.  I f ,  on the other hand, 
bank l i m i t s  were increased t o  30 degrees and the a i r c r a f t  was 
made much more responsive t o  the  beam s igna ls ,  many beam noises 
would en te r  the  control  sys-tem sometimes causing v io len t  r o l l  
maneuvers and heading changes, 

change the p ic ture  appreciably. He w i l l  a l s o  l i m i t  r o l l  angle 
and r a t e  a t  the  lower heights and be re luc tan t  t o  make any s izable  
changes below 100 f e e t  i n  the  course d i r ec t ion  o r  l a t e r a l  t r ack  
of t h e  a i r c r a f t .  The l a rge r  t h e  a i r c r a f t  t he  more th i s  w i l l  be 
t rue .  Extreme care should be exercised i n  assuming t h a t  the 
Boeing 747, t he  SST, and the  C-5A will behave as  well  i n  low 
v i s i b i l i t y  as the already marginal cha rac t e r i s t i c s  of the current 
four-engine j e t  t ransports .  Questions of whether t o  use two 
o r  th ree  sigma l i m i t s  f o r  CAT I1 and the  response of a i r c r a f t  
t o  l a t e r a l  side-step maneuvers below 100 f e e t  a r e  amenable t o  

T h i s  document 

Replacing t h e  autopi lot  w i t h  the  human p i l o t  does not 

45 



quant i ta t ive assessment even f o r  these a i r c r a f t .  
Thus, Figure 7 r a i s e s  several  per t inent  questions con- 

cerning the  allowable safe  maneuvering t o  correct  side-step e r ro r s  
below a height of 100 f e e t .  The l i m i t s  can be developed independ- 
ently f o r  spec i f ic  cases by assuming a given a i r c r a f t ,  physical  
dimensions, approach speed, wheel t read ,  roll r a t e ,  and angle 
l i m i t s .  A side-step maneuver contour can then be generated t h a t  
i s  considered t o  be su i t ab le  f o r  the  allowable cross wind, 
engine-out, and wind shear conditions landing on a typ ica l  150- 
foot wide runway. This maneuver l i n e  would a l so  include delays 
f o r  p i l o t  recognition, control  act ion,  and a i r c r a f t  response. 
A n  assumed bracketing e r r o r  i s  needed since t h e  change i n  height 
could cause the  a i r c r a f t  t o  encounter a wind change requir ing 
the establishment of the best  heading by displacement error-rate  
t o  sustain the a i r c r a f t  within runway center l ine  l i m i t s .  I f  this 
i s  computed and val idated f o r  various typ ica l  I F R  approach speeds 
(measured t o  be higher i n  I F R  than VFR), each a i r c r a f t  would then 
have maneuver contour l i m i t s  e s tab l i sh ing  the amount o f  deviation 
from center l ine t h a t  i s  allowable at  t he  100-foot height. 

It i s  believed again t h a t  3 sigma values should be 
used (3/1000), since the p i l o t  can obviously abandon the  approach 
sooner than executing a l a t e r a l  correct ion t h a t  may require 10 
seconds f o r  every 20 f e e t  of l a t e r a l  e r ror .  
the number of expected missed approaches can be determined. 
m a y  be t h a t  the 25-microampere e r ro r  can be reduced by b e t t e r  
p i l o t  t r a in ing  of C D I  flight-following. Possibly a given 25- 
microampere indicat ion might represent only 50 f e e t  of l a t e r a l  
deviation r a the r  than 100 f e e t ,  This r a i s e s  the question of 
t ightening the  e n t i r e  approach and threshold s e n s i t i v i t y  c r i t e r i a  
s o  tha t ,  say, 150 microamperes might be equivalent t o  a f u l l -  
scale  C D I  display from center l ine  f o r  e r ro r s  of only 100 f e e t  
ra ther  than a nominal 350 f e e t .  

From t h i s  methodology 
It 
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2. HIGH COURSE SENSITIVITY 
A high course s e n s i t i v i t y  leads t o  many new questions. 

C a n  the p i l o t  f l y  such a t i g h t  course? What happens t o  the 
r e l a t i v e  values of beam bends, receiver centering e r ro r s ,  etc.? 
Sometimes loca l i ze r s  a re  used on takeoff or f o r  a n  overf l ight  
of the  runway. It i s  p r a c t i c a l  t o  f l y  toward the loca l i ze r  
using the  C D I  t o  within about 2000 o r  3000 f e e t  of the trans- 
mit ter .  This case represents a fu l l - sca le  s e n s i t i v i t y  of about 
three times t h a t  of t he  current runway threshold sens i t i v i ty .  
This would imply a fu l l - sca le  def lect ion of about 275 t o  2125 
f e e t ,  o r  a t o t a l  course sector  width of perhaps 250 f e e t .  Some 
of the newer f l i g h t  d i rec tors  use a second C D I  needle with 
higher s e n s i t i v i t y  t o  indicate  runway width. 

be very informative, since i t  would theo re t i ca l ly  permit much 
higher approach success. Or, t o  put it d i f f e ren t ly ,  with a 25- 
microampere p i l o t  display e r ro r ,  the a i r c r a f t  would always be 
within the  usefu l  width of t he  runway (assuming an equivalent 
reduction i n  guidance e r rors ) .  It should r a re ly ,  i f  ever, be 
at  o r  beyond the runway edge upon reaching a decision height 
of 100 f e e t .  The simulation of  higher s e n s i t i v i t i e s  and a com- 
mensurate reduction of the  major errors contributing t o  the 
to+;al  e r r o r  would be most informative. 

Testing of t h i s  s e t  of conditions a t  threshold would 

It i s  l i k e l y  t h a t  t he  current ILS accuracy standards 
w i l l  not meet CAT I11 o r  perhaps even CAT I1 l i m i t s  f o r  several  
reasons. The simulation would have t o  examine the re la t ionships  
of spec i f i c  e r ro r s  t o  p i lo t ing  and a i r c r a f t  response. There i s  
some general evidence t h a t  dimensions much l e s s  than 350 f e e t  
f o r  fu l l - sca le  ( o r  a 700-foot wide sec tor )  could be prof i tab ly  
employed t o  make CAT I1 and 1 1 1 - A  much more real izable .  

Figure 8 contirues the  analysis and discussion of 
l o c a l i z e r  course e r ro r s  emphasizing the  threshold area. This 
i s  of considerable significance t o  the  CAT 1 1 1 - A  conditions 
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since, with only 700 f e e t  RVR ( o r  Slant Visual Range--SVR) l i t t l e  
i f  any time i s  l e f t  f o r  a side-step maneuver. Furthermore, the  
a i r c r a f t  i s  about over the  threshold before a segment of surface 
o r  visual  a ids  equalling 3 seconds of f l i g h t  time i s  avai lable .  
Thee  seconds has been used as an estimate. It represents  about 
600 f e e t .  However, it may vary markedly with speed and a i r c r a f t  
maneuverability. A s  seen from the cockpit (assume a 14 t o  15 
degree window cut-Off), the  700-foot v i sua l  range does not provide 
a 600-foot segment u n t i l  the  a i r c r a f t  i s  below a 40-foot eye 
level. 

This would be a reason t h a t  the tolerances,  whatever 
they may be f o r  the 100-foot visual decision height and the  
1200-foot RVR (CAT 11) ,  should be d r a s t i c a l l y  reduced f o r  t h e  
threshold conditions shown i n  Figure 8 t h a t  are  representat ive 
of a 700-foot RVR. Figures 24, A,  B, C,  D ,  show the  segments of 
surface area v i s i b l e  f o r  the p i l o t .  What t h i s  segment should be 
i n  length f o r  CAT I1 o r  CAT 1 1 1 - A  i s  debatable. I f  one assumes 
tha t  the p i l o t  needs about 2 seconds f o r  or ien ta t ion ,  1 second 
t o  i n i t i a t e  a maneuver, and another second t o  see the a i r c r a f t  
path change r e l a t i v e  t o  a surface reference point ,  t h i s  requires  
t h a t  the  p i l o t  see about an 800 t o  900 foot  ground segment as a 
minimum. There a re  several  opinions but l i t t l e  or no measured 
data  on t h i s  subject. However, a s  the  a i r c r a f t  ge ts  c loser  t o  
the  ground, the  more the  surface segment v i s i b l e  t o  the  p i l o t  i s  
equivalent t o  the RVR. With height,  the p i l o t  loses  about 4 
times h i s  height i n  surface v i sua l  contact dimension (tangent of 
14 degrees). Thus, a t  100 f e e t  some 400 f e e t  are  l o s t ,  leaving 
only 800 f e e t  (out of 1200) for CAT I1 and 300 f e e t  f o r  CAT 111-A.  
A t  60 f e e t  (eye l eve l )  only 460 f e e t ,  or s l i g h t l y  more than 2 
seconds of time, are  l e f t  f o r  CAT 111-A.  The simulation of seeing 
a 300 t o  800 f o o t  long segment of typ ica l  surface objects  i s  
very important. With various l a t e r a l  and v e r t i c a l  e r ro r s  then 
added by simulation, r e a l i s t i c  data becomes available.  
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3. D E T A I L D  ANALYSIS OF USEFUL RUNWAY WIDTH 
Although there  a re  some runways 200 f e e t  wide, the  

majority of ma jo r  U.S. runways (say JFK) are  only about 150 f e e t  
wide--the I C A O  minimum width, Tne loca l izer  antenna i s  usual ly  
mounted i n  the center of t h e  nose o r  t a i l  of the a i r c r a f t  t o  
provide symmetry of center l ine guidance. However, the p i l o t  
must not land with any OP the  a i r c ra f t  wheels off the  paved 
surface. Assuming t h a t  the outside dimension between the  two 
outside wheels i s  about 27 f e e t  (and may be grea te r  f o r  l a r g e r  
a i r c r a f t ) ,  t h i s  amount of runway as a minimum i s  l o s t .  
s i gn i f i can t  e r ro r  i n  l a t e r a l  dispersion not a l w a y s  noted i s  that 
due t o  crab angle. Since there  i s  a considerable distance between 
the nose ( o r  t a i l )  and the main gear, t he  a i r c r a f t  can be indi-  
ca t ing  a deviation e r ro r  during crab that  i s  not representat ive 
of t he  wheel posit ion.  This i s  n o t  serious i m t i l  the  a i r c r a f t  
i s  over t h e  tkweshold. But, once the p i l o t  has passed the  
threshold,  it i s  another e r ro r  he must consider before touchdown, 
i f  he i s  o f f  center. Figure 9 i l l u s t r a t e s  that f o r  a typ ica l  
operational a i r c r a f t  t h i s  amounts t o  about 7 f e e t  f o r  a 5-degree 
crab angle, F o r  10 degrees it i s  about 14 f e e t .  With allowable 
cross  winds, heading correct ions,  and typ ica l  approach speeds, 
these values a re  within operational l i m i t s .  

Another 

Figure 10 combines the  crab angle and gear-width 
r e s t r i c t i o n s  t o  show t h a t  some 25 f e e t  a r e  l o s t  on e i t h e r  s ide  
i f  one assumes t h a t  the cross  wind w i l l  be from e i t h e r  side.  
This combination alone e f fec t ive ly  reduces a 150-foot r u n w a y  t o  
100 f e e t .  For long a i r c r a f t  t h i s  can be a grea te r  reduction. 
I f ,  f o r  example, a cross wind ex is t s  c a l l i n g  f o r  a crab angle 
of 6 degrees, and the p i l o t  i s  turning toward the course i n  a 
normal bracket o r  side-step maneuver with a 4-degree addi t ional  
heading angle, the 10-degree figure i s  readi ly  generated. Thus, 
with t h i s  log ic ,  the  useful  runway width i s  reduced by 33%. The 
useful width of only 100 f e e t  f o r  most ILS runways is  fu r the r  
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reduced by guidance e r ro r s  t o  sometimes a s  l i t t l e  as 5 t o  lo%, 
or a mere 10 f ee t .  Figure 11 fu r the r  i l l u s t r a t e s  t h i s  point and 
a l l o w s  another .5 f e e t  on e i t h e r  s ide  f o r  a "buffer" o r  addi t ional  
tolerance f o r  t h e  p i l o t .  This then reduces the e f fec t ive  usefu l  
width of t he  runway t o  about 90 f e e t ,  If a 10- o r  l5-foOt 
"buffer" i s  considered, t h i s  e f fec t ive ly  reduces the  width t o  
as l i t t l e  as 70 f e e t .  This makes the  erroTs of Figures 5 through 
8 f a r  more s igni f icant .  Additional runway width i s  not l i k e l y  
t o  be avai lable  i n  the  near future .  

4. POLARIZATION ERRORS 
When an a i r c r a f t  banks, the VHF antenna polar iza t ion  

is  changed due t o  the  bar& angle of the a i r c r a f t ,  The ILS system 
i s  horizontally polarized; however, the maintenance of pure 
polar izat ion i n  the ground antennas and a i r c r a f t  antennas i s  
d i f f i c u l t  i n  the VKF spectrum. ICAO allows (3.1.3.2.2.1 of 
Annex 10) a DDM e r ro r  of 0.008. Since fu l l - sca le  l a t e r a l  devia- 
t i o n  i s  0.155 DDM, t h i s  i s  approximately 8 microamperes of C D I  
display for a bank angle of  20 degrees. If t h i s  were a l i n e a r  
function, which it m a y  o r  may not be, a 10-degree roll l i m i t  
would l i m i t  t h i s  t o  a 4-microampere error. This e r ro r  m a y  not 
be easi ly  t r ea t ed  s t a t i s t i c a l l y  since it i s  highly correlated 
with l a t e r a l  e r ro r s  and cross wind. I n  a given landing condition 
these may a l l  add ar i thmetical ly .  However, the  t o t a l  i s  somewhere 
near that allowed f o r  course bends; therefore ,  f o r  estimating, 
t h i s  f igure can be used t o  include the polar iza t ion  e f f ec t .  

A given course bend may create  a bank angle, r e su l t i ng  
i n  a p o l a i z a t i o n  e r r o r  which, when added t o  a steady-state 
cross wind, can c rea te  system e r ro r s  t h a t  do not f o l l o w  a normal 
dis t r ibut ion.  I n  such cases the e r ro r s  may add ar i thmetical ly ,  
and the t o t a l  can then be t r ea t ed  s t a t i s t i c a l l y  with the  several  
other e r rors .  A s implif ied example f o l l o w s :  
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Localizer beam bend e r ro r  a t  100-foot height 22 f e e t  
Polar izat ion e r ro r  during beam correct ion 

(10-degree ba.nk) 18 f e e t  
Crab angle e r ro r  12 f e e t  

TOTAL (a r i thmet ica l ly  added--not RSS) e r ro r  52 f e e t  

One could then assume t h i s  a s  a 3 sigma e r r o r  and t r e a t  
the other e r ro r s  on a n  RSS bas i s :  
Table I. This gives an RSS f igure  of 127 f e e t  instead of 117 f e e t .  
The usual diminution of e r ro r s  t r ea t ed  i n  this manner i s  a c l ea r  
case f o r  questioning the  use of normal s t a t i s t i c a l  treatments 
w i t h o u t  more measurements t o  determine the v a l i d i t y  of t h i s  
mathematical approach t o  a f l i g h t  r i s k  perhaps a thousand times 
greater than the f l i g h t  r i s k s  associated with current prac t ice .  

/522 + 282 + 432 + 104* of 

5. RELATIONSHIP OF LOCALIZER ERRORS AND USABLE RUNWAY WIDTH 
Figures 12 and 13 combine m a n y  of the  previously devel- 

oped e r ro r  curves in to  a s ingle  presentation. To examine the  
individual e r ro r s ,  one must r e f e r  t o  Figures 1 t o  11. 
seen i n  Figure 12 t h a t  the  two and three  sigma l i n e s  a re  repre- 
sented as  well  as  the  wors t  case. These a re  approximate proba- 
b i l i t i e s  of 5O/ lOOO,  3/lOOO, and (perhaps) 1/10,000, respectively.  
The probabi l i ty  of the  w o r s t  case i s  only estimated a t  present ,  
since per t inent  measurements a re  lacking. Extensive measurements 
and s t a t i s t i c a l  treatment a s  t o  t h e  nature  of combining low 
v i s i b i l i t y  e r ro r s  a re  urgent needs. 
human e r r o r  and a i r c r a f t  response l imi t a t ions  of following the  
indication ( t h i s  must a l s o  be allowed f o r  any automatic f l i g h t  
control)  must be carefu l ly  assessed. The spec i f ic  e r r o r s  m a y  
not be combinable i n  the  usual s t a t i s t i c a l  sense, since they 
a re  independent o r  r e l a t ed  i n  manners not amenable t o  t he  simple 
RSS (square r o o t  of the  sum of t h e  squares) treatment. Skewness 
of data due t o  wind shear, course bends, instrument biases ,  

It can be 

Here i s  a case where the  
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non-linearity of beams can, f o r  a combination of an individual 
runway and a i r c r a f t ,  be fa from a normally d i s t r ibu ted  e r r o r  
and can add--for the spec i f ic  landing i n  question a r i thmet ica l ly  
approaching the worst-case, 

There i s  no denying t h a t  the worst-case contour has 
some s t a t i s t i c a l  significance.  Only de ta i led  measurements w i l l  
e s t ab l i sh  whether it i s  a probabi l i ty  of a 1/1000, 1/10,000, 
1/100,000, or perhaps greater.  Furthermore, the p i l o t i n g  accuracy 
t o  a 25-microampere accuracy under conditions of wind shear,  
s t r e s s ,  following bends, poor instrument s e n s i t i v i t y  (e.g., on 
an ID-249 the  needle motion i s  only about 1/8 inch f o r  25 micro- 
amperes). 

Figures 12 and 13 i l l u s t r a t e  an important po in t ;  t h a t  
the  outside v isua l  cues and the p i l o t ' s  instrument display cues 
f o r  v e r t i c a l  and horizontal  guidaace can d i f f e r  rad ica l ly .  The 
d i s c r e p a z y  of cues i s  much more obvious f o r  l a t e r a l  guifance. 
F o r  example, i f  the p i l o t  i s  o f f  the runway center l ine  by 75 f e e t  
he w i l l  be aligned w i t h  the edge of t he  runway, a very obvious, 
major  displacement. The runway edge would appear t o  be a 
s t r a i g h t  l i n e  i n  f ron t  of h i m ,  whereas the other edge would be 
a t  a r a t h e r  large r e l a t i v e  angle. This a l s o  depends upon the  
exact distance.  A t  greater  ranges i n  VFR w i t h  the  same l a t e r a l  
displacement, the r e l a t i v e  angles made by t h e  two s ides  of the 
runway crea te  overwhelming v i sua l  cues. However, i n  low v i s i -  
b i l i t y  landing, when the p i l o t  f i r s t  sees these s t a r t l i n g  cues 
he i s  too close f o r  h i s  normal W R  corrections t o  be applied. 

s incere ly  believe he i s  doing a good instrument-following j o b ,  
y e t  be severely shaken when visual surface contact i s  made by 
how much he can be off .  Many so-called "Heads-Up" displays are  
designed t o  provide the p i l o t  a simulated perspective display 
of the  runway. 

The main point of the  foregoing i s  t h a t  t he  p i l o t  can 

The ru l e s  of perspective a re  employed t o  generate 
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the geometry of t h e  scene. However, i f  t he  displayed runway 
perspective i s  driven from the  ILS l oca l i ze r  signals the  aggre- 
gate e l e c t r i c a l  e r ro r s  of the system w i l l  cause the image t o  
appear geometrically displaced f r o m  the ac tua l  runway, which i s  
also p a r t i a l l y  v i s i b l e  by as much as 55 fee t .  A s  seen i n  
Figure 14, t h i s  could be qui te  d i s t r ac t ing  t o  t he  p i l o t .  

Another point t o  be discussed i n  the sec t ion  on 
v e r t i c a l  guidance i s  t h a t  there  i s  no cor re la t ion  from one runway 
t o  the next with regard t o  dis tance of t h e  g l ide  path emi t te r ,  
angle, o r  thresliold height which fur ther  d i s t o r t s  any p i c t o r i a l  
or graphic "Heads-Up" display with respect t o  the ac tua l ,  r e a l  
w o r l d ,  when seen (even p a r t i a l l y )  by the p i l o t .  (Figure 14) 

HEADS-UP DISPLAY r 
RVR OF 1200 FT 

THRESHOLD OF 
ACTUAL RUNWAY 

F I G U R E  14 

DISTORTION INTRODUCED BY KEADS-UP DISPLAY 
( A S  S E E N  BY P I L O T )  WITH REFERENCE TO REAL WORLD 

58 



Figure 14 assumes t h a t  t he  p i l o t  is f ly ing  a n  ILS-guided course 
with a pe r fec t ly  aligned display i n  range and v e r t i c a l  angle 
(ne i ther  case being l i k e l y  i n  practice).  More examples w i l l  be 
given of t yp ica l  v e r t i c a l  and longitudinal e r ro r s  wherein .thresh- 
olds and perspective l i n e s  disagree f a r  more than t h i s  case. 

e r r o r  exis ted i n  the  radio guidance), the 2 and 3 sigma e r ro r s ,  
and the w o r s t  case. It w i l l  be noted t h a t  t he re  can be a l a t e r a l  
e r r o r  of 110 f e e t ,  placing the  outer wheel 65 f e e t  beyond the 
usefu l  runway width f o r  the  3 sigma case. F i v e  15 i l l u s t r a t e s  
the  C D I  ind ica t ion  required t o  s t ay  within the usefu l  l a t e r a l  
runway dimensions tha t  remain ( l e s s  than 10 t o  15 f e e t )  a f t e r  
guidance e r ro r s  are  employed t o  sj-mulate t h i s  e f fec t .  Even the  
2 sigma e r r o r  places the outer wheel about 30 f e e t  beyond the  
edge of the usefu l  r u n w a y ,  being about 73 f e e t  off center l ine.  
The a i r c r a f t  center i s  nearly on the edge of the  ac tua l  runway 
i n  the  2 sigma case when the  a i r c r a f t  passes over the threshold. 

Since it i s  obvious t h a t  the 3 sigma values can reduce 
the  "useful" runway width t o  a meaningless value ( l e s s  than zero) ,  
Figure 16 i l l u s t r a t e s  the r e s u l t s  of only 2 sigma e r ro r s  (50/1000). 
The remaining usefu l  m n w a y  i n  this example i s  about 22 f e e t ,  
assuming t h a t  no p i l o t  e r ro r  or f l i g h t  e r ro r s  ex i s t .  This uses 
the crab angle, gear width, and t h e  2 sigma RSS values of only 
the  loca l i ze r  signals.  
t h i s  leaves but 11 f e e t  f o r  allowable e r ro r  off center l ine.  I n  
terms of C D I  def lect ion,  t h i s  i s  11/350 or 3%which i s  about 5 
microamperes of f l i g h t  e r ro r  (not 25 microamperes a s  i n  AC 120-20). 
To emphasize t h i s  point ,  t he  lower half of Figure 16 i l l u s t r a t e s  
a runway t h a t  has been widened t o  accommodate the  2 sigma e r ro r s  
of f l i g h t ,  guidance, and the  crab angle/gear dimensions. This 
would be a n  example of the  width required t o  assure t h a t  t h e  
outboard main gear wheel i s  a t  l ea s t  5 f e e t  within the  edge of 
the  paving of t he  runway. I n  cases of automatic l oca l i ze r  f ly ing ,  

Figure 15 combines the ful l -scale  def lect ion ( i f  no 

Since these add t o  6-4 f e e t  (30 + 34), 
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where it i s  permissible t o  pass threshold automatically coupled 
t o  t he  radio guidance, such runway widths (330 f e e t )  a re  required 
for about a 2 sigma case. This implies t h a t  some 50 cases out 
of 1000 cases w i l l  not achieve t h i s .  Since one wheel off t he  
runway paving can be catastrophic ,  t h i s  i s  obviously t o o  high 
a r i s k  and a wider runway is  indicated.  

Figure 17 assumes t h a t  a p i l o t  would l i k e  t o  be 
within 45 f e e t  of center l ine o r ,  t o  put it d i f f e ren t ly ,  t h a t  
he is  safe  i f  he i s  within 45 f e e t  of center l ine.  The e r ro r s  
a r e  added i n  t w o  wayc. tc 2kc “ust.L”u1” yu-foot wide runway, 
showing t h a t  between 380 t o  4-4-0 f e e t  of width i s  needed i f  t he  
current ILS loca l i ze r  standards a re  u t i l i z e d  i n  CAT 111. 

Some experts suggest t h a t  the  p i l o t  w i l l  not touch 
down unless he i s  within 30 f e e t  of cen ter l ine  t o  allow f o r  
cross-track ve loc i t i e s  ( l a t e r a l  d r i f t  r a t e s )  j u s t  p r i o r  t o  and 
at  the time of touchdown (due t o  wind, heading e r ro r s ,  o r  a 
f au l ty  de-crab maneuver). 
wide a l a t e r a l  side-step maneuver of about 80 f e e t  s t a r t i n g  a t  
the threshold f o r  CAT I11 ( 3  sigma). 
correction ( to  accomplish t h i s  amount of l a t e r a l  change with 
the severe l imi ta t ions  on bank angle) a t  t h i s  low wheel height 
(20 t o  40 f e e t  over threshold) could be about 30 t o  40 seconds. 
This i s  about 6000 t o  8000 f e e t  of forward f l i g h t ,  obviously 
resu l t ing  i n  an incompatible s i t u a t i o n  with the  s ink r a t e  a d  
runway length c r i t e r i a  normally used. 

angle, the la rge  a i r c r a f t  used by the  a i r l i n e s  a re  typ i f i ed  by 
Figure 18. Here it i s  seen t h a t  a n  angle of  only 6 degrees 
ex is t s  between the outboard engine pod and the  main gear. This, 
of course, i s  a “never-exceed” f igure  so t h a t  l i m i t s  of perhaps 
half  t h i s  value, o r  around 3 degrees should be employed i n  any 
very l o w  v i s i b i l i t y  roll angle and r o l l  r a t e  calculat ions.  

P i lo t ing  techniques and opinions d i f f e r  considerably 

This would im2ly for runways 275 f e e t  

The time for f l i g h t  t r ack  

Although a l l  a i r c r a f t  a r e  not t h i s  l imited i n  bank 
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on t h i s  point ,  some p i l o t s  preferring a wings-level cor rec t ion  
and others preferr ing a s ide-s l ip  including some bank, This i s  
obviously an area needing fu r the r  investigation, since it is  
highly s igni f icant  i n  view of the ILS error analysis and qui te  
amenable t o  measurements, 

6.  MEASURED FLIGHT ERRORS 
Data taken i n  the United Kingdom and reported i n  the  

In te rna t iona l  Transport Association report  (Lucerne meeting) of 
M a y  1963 indica tes  t h a t  these figures a re  generally encountered 
i n  pract ice .  
that  l a t e r a l  e r ro r s  a t  a point 1000 f e e t  from threshold (2000 
f e e t  from a typ ica l  gl ide path emitter-antenna) a re  around 100 
f e e t  f o r  the 2 sigma case ( t w o  s tandard deviations) and 150 f e e t  
f o r  the  3 sigma cases. Although it appears a s  r a the r  sketchy 
data, it was taken w i t h  an automatic ILS-coupled a i r c r a f t ,  so 
t h a t  presumably a l l  systeiilatic errors  are  adding i n  various 
amounts and dire’ctions i n  the  data. 
of t h i s  repor t ,  f o r  example, which shows a n  RSS 3 sigma value of 
117 f e e t  and 194 f e e t  f o r  the  worst case. 

In te res t ing ly  enough, t h e  mean value presented i n  ICAO 
W?-142 a t  a 3500-foot distance f r o m  threshold (Point B)  i s  about 
250 f e e t  f o r  the  3 sigma case, whereas Figure 6 of t h i s  report  
estimates it a t  143 f e e t  f o r  t he  3 sigma case and only 236 f e e t  
f o r  the w o r s t  case. 
l a rges t  e r ro r ,  t h i s  may indicate  tha t  i n  these two cases the 
25-microampere f igure f o r  maneuvering l a t e r a l l y  i s  being exceeded, 
Additional e r ro r s  not considered here may a l so  e x i s t .  

For  example, Figure 5 of t h i s  IATA paper ind ica tes  

This agrees with Figure 7 

Since p i lo t ing  (manual o r  automatic) is  the 

7. AREAS NEEDING FURTHER ANALYSIS AND MEASUREMENT 
Before l e  av-ing the lat  era1 guidance problem involving 

the  e r ro r s  of t he  ILS-localizer and the  l imi ta t ions  encountered 
i n  attempting t o  reduce them by maneuvering large j e t  a i r c r a f t  
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near the ground, some spec i f ic  areas  need iden t i f i ca t ion  f o r  
further 

1. 

2. 

3. 

4. 

5. 

6. 

a t t en t ion  : 
The roll angle and ro l l - r a t e  l i m i t s  of various a i r c r a f t  
distance t o  make l a t e r a l  o r  side-step maneuvers of 
around 100 f e e t ,  and p i l o t i n g  techniques t o  accomplish 
these maneuvers when below a decision height of 100 f e e t  
need a f a r  b e t t e r  measurement analysis  and documentation 
than now e x i s t s  f o r  current heavy j e t  t ransports  and 
bombers. 
These s tudies  should be extended t o  the la rge  a i r c r a f t  
dimensions and performance of such a i r c r a f t  as the 747, 
SST, and C-5A t o  determine the extent of any differences.  
Detailed simulations and f l i g h t  measuremPEtc shszl2 be 
m R d P  cf t ~ ~ : c &  p i l o t  aeviat ion f r o m  a loca l i ze r  course, 
assuming i n i t i a l l y  a straight course and then one with 
bends as described by ICAO;  the  conditions of var iable  
cross-wind, m a x i m u m  constant cross-wind, and wind shear 
should then be added. 
p i s ton  a i r c r a f t  i n  r e l a t i v e l y  smooth air .  From t h i s  it 
should be established i f  25 microamperes f o r  a 2 sigma 
case a t  ranges of l e s s  than 3500 f e e t  f rom threshold 
are  reasonable without outside v isua l  references. 
Should the f igure  be changed? What values would be 
associated with spec i f ic  a i r c r a f t  types? 
Tests with typ ica l  runway perspective displays should 
be made ( t h a t  i s ,  "Heads-Up") t o  determine the extent  
of t h e  v i sua l  non-registry problem. 
Simulations should be undertaken of several  dual p i l o t  
techniques for the  low v i s i b i l i t y  l a t e r a l  correction. 
Three iden t i f i ed  ( p i l o t - f i r s t  o f f i c e r )  landing techniques 
e x i s t  (BEA, Aero-Postale, ALPA). The t r a n s i t i o n  between 
two p i l o t s ,  between instrument a d  v i s u a l  f l i g h t  control  
f o r  specif ic  side-step maneuvers aad under r e a l  o r  
simulated low-vis ibi l i ty  coxditions needs f a r  more 
quant i ta t ive data than e x i s t s  03 t h i s  "team" type or 
dual p i l o t  e f f o r t .  The l e v e l  of the F i r s t  Of f i ce r ' s  
experience i s  highly s igni f icant  under current regula- 
t i o n s ,  which require  primarily t h a t  only the Captain 
be qual i f ied foT low v i s i b i l i t y  landing. 
Examine, by increasing the spec i f i c  amount of l a t e r a l  
side-step maneuver (within the  expected tolerances,  
herein discussed),  the point at which an aborted o r  
missed approach should be executed r a the r  than a side- 
s tep  maneuver. Although t h i s  may be defined by computer 
analysis ,  a l eve l  of human judgment i s  involved; fur ther-  
more, time delays f o r  the exercise of t h i s  judgment and 
t h e  amount of ground t rack  required f o r  es tabl ishing 

Most da ta  today i s  based on slow, 
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the  required heading w i l l  determine this  i n  pract ice .  
It m a y  d i f f e r  markedly f rom previous computerized 
s tudies  om the  subject ,  since these per t inent  delays 
e s sen t i a l  t o  sa fe ty  were not introduced. It has been 
estimated i n  I C A O  Wp 142 tha t  it takes a t o t a l  of 7 
seconds f o r  a p i l o t  t o :  (1) "integrate"  the  information 
f rom the r e s t r i c t e d  v isua l  sector,  (2) apply a correct ive 
act ion,  and (3) f o r  t h e  a i r c r a f t  t o  move l a t e r a l l y  a 
few f e e t .  O f  course, several seconds a re  required f o r  
the  l a t e r a l  e r ro r  t o  reduce, assuming l a t e r a l  r a t e s  of  
2 t o  3 feet/second. 

r a t e  can be around 12 fps ,  unless a r res ted  by adequate 
v e r t i c a l  v i sua l  guidance cues. Consequently, over 80 
f e e t  of height can be l o s t  i n  t h i s  act ion alone, before 
the  a i r c r a f t  starts t o  make a major  l a t e r a l  o r  side-step 
correction. 
correct ion,  since the  ve r t i ca l  correct ion must be 
i n i t i a t e d  during the 7 seconds of time, requir ing 
measurements of two simultaneous precis ion maneuvers. 
A s e t  of t ab l e s  or graphs should be generated involving 
var iab les  of l a t e r a l  e r r o r  ( in  10-foot amounts f rom 
0 t o  150 f e e t ) ,  baxk a g l e  (In $-degree s teps  t o  5 
degrees), airspeeds (from 100 t o  200 knots i n  10-knot 
s teps ,  including m a n y  mil i tary a i r c r a f t ) ,  cross-wind, 
and allowable useful runway width (from 25 t o  45 f e e t  
i n  ?-foot increments). Such t ab le s  or grap5s would 
admittedly t o t a l  hundreds of pages but would prove 
invaluable t o  the m a n y  electronic designers of landing 
systems and equipments, as well as I C A O  committees, e tc .  
The value of the  current l ight ing system f o r  alignment 
shouLct be determined when obtaining i n i t i a l  v i sua l  
contact a t  200-, l 5 O - ,  loo-, and 50-foot eye leve ls .  
In  many cases, the  approach l i g h t s  w i l l  be v i s i b l e  f o r  
less than 5 seconds a t  best ,  and i n  some 3 sigma cases 
f o r  only 1 second. What amount of information can be 
gained f r o m  such a s h o r t  exposure? This w i l l  require  
very s k i l l f u l  simulation w i t h  l a t e r a l  e r rors .  What 
new l igh t ing  configurations would be usefu l  f o r  such 
large l a t e r a l  corrections and short  observation times? 
Does d i r e c t i v i t y  of lights cause d i f f i c u l t y  at large 
l a t e r a l  displacements? 

7. During th i s  l a t e r a l  correction, o f  course, the  sink 

T h i s  adds t o  the  p i l o t  t a sk  of l a t e r a l  

8. 

9. 



VERTICAL GTJIDANCE E- - 
Figure 19 introduces the v e r t i c a l  guidance aspect of 

the landing guidance parameters by i l l u s t r a t i n g  the new c r i t e r i a  
f o r  g l ide path location. The concept of  the  threshold height 
being a focal  point f o r  the e l e c t r i c a l  path c r i t e r i a  i s  new and 
i s  e s sen t i a l ly  approved by dozens of countries (including the  
United S ta t e s )  a f f i l i a t e d  with the I C A O  organization and i ts  
aviation Standards. The Standards c a l l  f o r  the e l e c t r i c a l  path 
(not the wheel path) t o  be a t  a height of no l e s s  than 50 f e e t ,  
with a n  upward tolerance of 10 fee+ (ts 5C fze . t> Z i G  LIW ciownwara 
tolerance f o r  CAT I1 and 111. Although several  combinations can 
ex is t  t o  achieve t h i s  within the  l i m i t s  of 2.5 and 3.0 degrees, 
they a l l  appear t o  f a l l  within the  l i m i t s  of threshold dis tances  
shown i n  Figure 19. The distance from threshold f o r  a c r i t i c a l  
height such a s  100 f e e t  obviously i s  qui te  var iable .  It w i l l  be 
seen tha t  the nearest  case f o r  a 100-foot height is around 770 
f e e t ,  and the  most d i s t an t  case, a l so  f o r  a 100-foot height ,  i s  
around 1150 f e e t .  This assumes tha t  no e r ro r s  ex i s t .  The 
difference of about 380 f e e t  i s  highly s igni f icant  t o  the  p i l o t ,  
a i r c r a f t  instrumentation, and operation. 

somewhat, but i s  approximately 1150 f e e t  from threshold. 
distance va r i a t ion  f o r  point C ,  about 5O%, s ign i f i can t ly  modifies 
visual  cues needed f o r  landing. For example, assuming the  
cockpit cut-off angle of about 14 degrees does not vary, the 
p i l o t  f l y ing  on-course a t  a point 770 f e e t  from the  threshold 
w i l l  see but 370 f e e t  of approach l i g h t s .  This a l lows  but a 
1.8-second glimpse of the l i g h t s ,  p r i o r  t o  t h e i r  passing out of 
view. 

v e r t i c a l  guidance tolerances i n  the same manner t h a t  we examined 
t h e  l a t e r a l  guidance tolerances.  

The emitter o r  path or ig in  point is seen t o  also vary 
The 

This can be l e s s  as w i l l  be noted when we examine the  

Figure 20 t r e a t s  t h e  g l ide  path e r ro r s  i n  a manner 
quite s i m i l a r  t o  the  loca l i ze r  errors .  One s ign i f i can t  difference 
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3 SIGMA VALUES (ICAO) AT 100 FT. HT. 

(3.1.4.6.1) Course Shift (0.2 degree) . . . . . . . . . 8 ft, 

(2.1.5) Beam Bends (220 Microamperes-2 Sigma) . . . . e 5 ft. 
(2.2.5.1) Receiver Centering (27 Microamperes). . . l . 5 ft. 

(3.1.4.5.4.7) Linearity (20%) 

AC 120-20 Flight E r r o r  35 Microamperes o r  12 ft, . . . 12 ft. 

~ 

Total Maximum Error 30 ft. (+20%) . e . . e . . . . . . 36 ft, 

RSS E r r o r  16 ft. (+2O%) . . . . . , , . . . . . . . . . 19 ft, 



i s  that; the f l i g h t  f rom a distance of 3500 f e e t  (before threshold) 
t o  threshold w i l l  have a much l a rge r  change i n  course s e n s i t i v i t y  
than the change i n  loca l i ze r  course sens i t i v i ty .  T h i s  i s  t r u e  
because the g l ide  path t ransmi t te r  i s  located near touchdown, 
whereas the loca l i ze r  i s  a t  the  d i s t an t  end of the a i rpor t .  
While the g l ide  path s e n s i t i v i t y  changes by 400% from point B 
t o  t h r e s h o l d ,  the  loca l i ze r  changes l e s s  than 40Y6-a t e n  t o  one 
difference. The normal gl ide path s e n s i t i v i t y  i s  i n  the  region 
of about 0.70 degree t o  0.80 degree f o r  fu l l - sca le  def lec t ion  
UI Lile patn as displayed by the  C D I .  The I C A O  tolerances a re  
a s  fo l lows  when observed a t  point C or a t  a 100-foot height:  

TABLE I1 
I C A O  Reference Character is t ic  Value 3 Sigma Conversion 
3.1.4.6.1 Course s h i f t  2.075 x angle 8 f e e t  

2.1.5 Beam bends 220 microamperes 5 f e e t  

2.2.5.1 Receiver 29 microamperes 5 f e e t  

3.1.4.5.4.7 ~ inear i ty(2O%) Applied t o  a l l  
AC 120-20 Fl ight  e r ro r  235 microamperes 12 f e e t  

-- _1_- 

f o r  CAT I1 

2 sigma 

centering 1 sigma 

o r  12 f e e t  

The t o t a l  m a x i m u m  error is 36 f e e t  (using the  20%) a d  

the  RSS e r r o r  i s  16 f ee t .  When applying 20%, t h i s  RSS becomes 
19 fee t .  Assuming the a i r c r a f t  i s  a t  a height o f  100 f e e t ,  it 
w i l l  be approximately 2200 f e e t  from the  in t e r sec t ion  of the  
g l ide  path and runway. T h i s  assumes only a nominal g l ide  path 
angle of 2.60 degrees. With the e r ro r s  added, the upper height 
could be ll9 f e e t  and the lower 81 f e e t  f o r  the  3 sigma case. 
For the  "worst-case" the  dispers ion of height e r r o r  a t  t h i s  
same distance could be between 64 f e e t  and 136 f e e t .  When i t  
i s  suggested t h a t  range and v e r t i c a l  angle be used f o r  computing 
height,  it is  obvious t h a t  some la rge  e r ro r s  can be encountered 



occasioaally,  because the cotangent values chaage a t  a high r a t e  
f o r  v e r t i c a l  angles below 3 degrees. 

Figure 21 i s  more operationally s ign i f i can t ,  s ince it 
indica tes  the  longitudinal spread of point C ,  100 f e e t  of height,  
t h a t  w i l l  be encountered when the errors  are added t o  both s ides  
of the  g l ide  path course. It w i l l  be seen t h a t  these e r ro r s  
convert t o  wide changes i n  the  distance f rom threshold f o r  the  
100-foot point.  Fo r  example, the arrangement of g l ide  path 
shows the 3 sigma dispersion to t a l ing  about 900 f e e t ,  about a 
point only 11OO'feet from the  threshold. The nearest  dis tance 
f o r  the  100-foot l e v e l  (point C )  i s  740 f e e t  f r o m  the  threshold 
and the g rea t e s t  distance i s  1660 feet .  T h i s  ind ica tes  that  the  
longi tudinal  dispersion i s  not symmetrical, but that  it can 
amount t o  s h i f t i n g  the  100-foot point 360 f e e t  toward the threshold 
and about 560 f e e t  back from it, f o r  a t o t a l  dispersion of 920 
f e e t  (about a noninal path). 

The w o r s t  case has a dispersion of a lmos t  1700 f e e t  
w i t h  the  nearest  point being only 500 f e e t  f r o m  the  threshold. 
T h i s  case would cause the p i l o t  t o  see but a 100-foot segment of 
the approach l i g h t s ,  about second of  f l i g h t ,  assuming a coc 'q i t  
cut-off of about 14 degrees. 

longi tudinal  dispersion of the 100-foot point ,  it i s  a l s o  neces- 
sary t o  add the  var ia t ion  of g l ide  slope angles and threshold 
height conditions noted i n  Figure 19. A simple case i s  i l l u s -  
t r a t e d  i n  Figure 22 i n  which the  3 sigma e r ro r s  are  added on the 
upper s ide  t o  a 3-degree path; and s imi la r ly  3 sigma e r ro r s  a re  
added below a 2.5-degree path. It w i l l  be seen that t h i s  c r ea t e s  
considerable addi t ional  longitudinal dispersion, increasing the 
spread f o r  the  3 sigma e r ro r s  and the path angle va r i a t ion  t o  
around 1200 f e e t .  The influence of a l t imeters  i s  noted since 
they can contribute fur ther  dispersion. Such e r ro r s  a re  s i g n i f i -  
cant but w i l l  not be t rea ted  i n  de ta i l .  

To include a l l  the var ia t ions t h a t  w i l l  add t o  the 
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This now causes the  3 sigma loca t ion  of point C (not 
t he  worst-error case) t o  be located only 500 f e e t  from the  threshold 
on a 3-degree path (plus the  angle a t t r i b u t a b l e  t o  other e r ro r s ) .  

Figure 23 i s  a more c r i t i c a l  examination of the I C A O  

gl ide path e r ro r s  over the  runway threshold (note the scale  f a c t o r  
change). This c rea tes  a t o t a l  v e r t i c a l  dispersion over the runway 
threshold of 36 f e e t  ( I C A O  10-foot path va r i a t ion  and 3 sigma 
errors) .  The w o r s t  case i s  considered qui te  possible t h i s  c lose 
because of the 4 t o  1 l i n e a r  "t ightening" o r  convergence of the  
guidance s igna l  from point B. The woyst  v e r t i c a l  dispers ion can 
be about 60 f e e t  (230 f e e t ) ,  centered a t  a point about 55 f e e t  
above the threshold. It i s  in t e re s t ing  t o  note t h a t  i n  t h i s  
w o r s t  case the path can be at  about 1.2 degrees and the  wheels 
( i f  20 f e e t  below the  e l e c t r i c a l  path due t o  p i t c h  ro t a t ion )  at  
only 5 f e e t  above threshold. 
Although i n  measured VFR operations there  i s  l i t t l e  cor re la t ion  
between v i sua l  f l i g h t  and t h i s  path,  it i s  a key point i n  I C A O  

consideration and much discussion ensues i n  the documentation 
re la t ing  t o  it. 

i s  such t h a t  the  wheels are  about 20 f e e t  high and follow a path 
about  1.8 degrees over threshold. 
p i l o t ' s  p a r t  t o  lower threshold wheel heights and t o  f l a t t e n  the 
f l i g h t  path angles as  the  v i s i b i l i t y  de te r iora tes .  

Considerable work i s  needed t o  resolve t h i s  dilemma, 
since in  the w o r s t  case the  wheels would be a s  much as 60 f e e t  
over threshold on  a path angle of about 3.3 degrees. The s ign i f i -  
cance of t he  dispersion of threshold height i s  t h a t  these same 

f igures ,  with l i t t l e  modification, a re  being considered f o r  CAT 
1 1 1 - A  as  w e l l  as CAT 11. These large var ia t ions  i n  f l i g h t  path 
have enormous e f f e c t s  on the v i sua l  cues the p i l o t  receives i n  
CAT I1 and CAT 111-A.  
the  usual, rout ine,  v i sua l  cues. 

They can also be a s  high as 60 f e e t .  

The v isua l  f l i g h t  path as  measured on several  occasions 

There i s  a tendency on the 

They appear t o  be markedly d i f f e ren t  from 
Figure 24 summarizes these 
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var ia t ions ,  ind ica t ing  t h a t  the 3 sigma ( e l e c t r i c a l )  path can 
vary from about 36 f e e t  t o  about 72 f e e t ,  o r  about two t o  one. 
Note a l so  t h a t  the 100-foot height i s  a s  close as 450 f e e t  from 
threshold. 

Figure 25 describes the v e r t i c a l  path e r r o r  curves out 
t o  ranges of 5000 f e e t  and heights of 250 f e e t .  It w i l l  be noted 
t h a t  the longi tudinal  dispersion a t  200 f e e t  i s  about 1750 f e e t  
and t h a t  the  height dispersion a t  point B i s  90 f e e t  using these 
standards. Even f o r  CAT I t h i s  raises questions of tolerances,  
since the  dispersion places the  p i l o t ' s  eyes at  around 4000 f e e t  
f rom threshold i n  one case and only about 2200 f e e t  i n  the  other 
case (each case being at  a height of  200 f e e t ) .  
va r i a t ion  from one landing t o  another of the f i r s t  v i sua l  contact 
i s  not conducive t o  p i l o t  confidence, since the normal VFR v i s u a l  
f l i g h t  dispers ions are  f a r  l e s s  than t h i s .  I n  one case the  p i l o t  
w i l l  see but 1400 f e e t  of approach l i g h t s ,  while i n  the  other  
case he w i l l  see the f u l l  3000 f e e t  of l i g h t s .  

f ac to r s  leading t o  the  design of the current approach l i g h t  
system were r e l a t ed  t o  the  "200 a ? d  mile" concept of pas t  
years. 
o-Jercast and could see the surface ne would have before him a 
long l i n e  of b r igh t  l i g h t s  leading him t o  and over the threshold. 
Ample time f o r  maneuvering t o  correct e r ro r s  i n  v e r t i c a l ,  hori-  
zontal ,  and longi tudinal  guidance were avai lable  along with 
excel lent  v i sua l  cues, vanishing polnts,  e tc .  This caused a 
close cor re la t ion  i n  f l i g h t  paths t o  occur near the threshold 
f o r  both I F R  (200-s) and v isua l  conditions. 
flew by VFR c r i t e r i a  f o r  some 5500 addi t ional  f e e t  t o  touchdown 
a f t e r  v i s u a l  contact. 
( i n  even 3 sigma cases) t o  acquire the  v isua l  cues, assess  them, 
and exercise judgment before actual ly  reacting. He w i l l  have 
the  a i r c r a f t  aligned with the l i gh t s  by the time threshold i s  
reached. 

This 2 t o  1 

This i s  a r e l a t ed  point t o  CAT 11, since nearly a l l  the  

The thought w a s  t h a t  when the p i l o t  broke out o€ t h e  

The p i l o t ,  i n  essence, 

The p i l o t  has i n  CAT I j u s t  enough time 

The a i r c r a f t  can be f u l l y  aligned by normal VFH means, 
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since the  maneuvering times and distances a re  ample t o  achieve 
t h i s  i n  CAT I before arr iving over  the threshold. 

The CAT I1 p i l o t  w i l l  have near ly  the same displacement 
e r ro r s  (see Figures 15 and l i s ) ,  but only half  t he  time f o r  t he  
correction. I n  f a c t ,  if the e r ro r s  place the p i l o t  high on the  
gl ide path the  time w i l l  be l e s s  than 1/3 t h a t  which he i s  accus- 
tomed t o  i n  the b e t t e r  CAT I cases ( r iding l o w  on the g l ide  path).  
The bank angle l i m i t s  available f o r  control  upon obtaining v i sua l  
ground contact at  200 f e e t  can be much grea te r ,  s o  t h a t  t he  
l a t e r a l  side-step maneuver t o  a l ign  the  a i r c r a f t  with the  l i g h t s  
i s  accomplished i n  much l e s s  time. The l a t e r a l  e r ro r s  a re  only 
s l i g h t l y  l e s s  i n  CAT 11, but bank angle l i m i t s  may be l imited 
t o  )5 t o  j$ of CAT I l i m i t s .  The p i lo t  a t  a 100-foot decision 
height w i l l  not roll t he  a i r c r a f t  the same amount o r  a t  t h e  same 
ra te .  When he descends lower than 100 f e e t  he w i l l  consequently 
be even fu r the r  l imited when t h e  t i m e  a r r ives  t o  execute a 
correct ive roll t o  reduce a l a t e r a l  e r r o r  and introduce an ample 
in te rcept  angle e s sen t i a l  t o  returning t o  center l ine.  Thus, 
the bank l i m i t s ,  i f  reduced t o  about half  the  amount, would 
require near ly  twice the distance f o r  the  equivalent side-step 
maneuver. The time can be shortened f o r  t he  v isua l  period t o  
about j$, and the  maneuvering period can increase by near ly  t w o  
times; a f a c t o r  of a s  much as 6 exis t ing between CAT I and CAT 
11. These are  highly incompatible s i t ua t ions  f o r  accomplishing 
a high r a t i o  of successful approaches and landing i n  CAT 11. It 
i s  argued by many t h a t  the  number of missed approaches f o r  
reasons of inadequate guidance o r  p i lo t ing  must be reduced f o r  
CAT I1 over the CAT I r a t e  of missed approaches, since the  r i s k  
f a c t o r  has increased many times. Some estimate an increased 
r i s k  of 100 times. W/P 142 (IATA), which w a s  previously refer-  
enced, has made t h i s  estimate. With London data  indicat ing t h a t  
the  number of missed approaches increases t o  nearly 50% i n  CAT I1 
(from about half this number i n  CAT I),  the  trend i s  i n  the 
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wrong d i rec t ion  and i s  in to le rab le .  

1. COMBINED ERRORS OF LATERAL AND VERTICAL GUIDANCE 
Figure 26 combines much of the  foregoing information 

in to  a composite perspective t o  i l l u s t r a t e  the  e f f ec t  of a 
"window" a t  point B portraying the  v e r t i c a l  and horizontal  
(guidance and f l i g h t )  tolerances a t  t h i s  point.  
regions a d  the  3 sigma e r ro r  contours a re  i l l u s t r a t e d .  It should 
be recal led t h a t ,  though the runway i s  150 f e e t  wide, i t s  usefu l  
w i d t h  i s  considerably l e s s .  
be 90 f e e t  wide, but some suggest a width of 60 f e e t .  
a l a t e r a l  window dimension of 280 f e e t  would suggest t ha t  from 
t h i s  point a side-step maneuver of 110 f e e t  may be encountered 
and tha t  t h e  p i l o t ' s  eye height may vary by about 20% from the  
nominal height. 
from the threshold, not i n  a l t i t u d e  a s  i s  point C. A "ve r t i ca l  
window" describes t h i s  best .  

Point C i s  shown i n  Figure 27 by assuming a "ve r t i ca l  

The fu l l - sca le  

I n  t h i s  report  it i s  suggested t o  
Thus, 

Point B it w i l l  be reca l led  i s  defined i n  range 

window" centered on a nominal path angle and a height of  100 
f e e t  f o r  i t s  location. The v e r t i c a l  dispersion i s  now nearly 
half  the previous value, and t h e  l a t e r a l  dispersion i s  235 f e e t .  
Note tha t  the v e r t i c a l  dispersion has decreased more f r o m  point 
B t o  C than i s  the case fo-  l a t e r a l  dispersion. This i s  due 
t o  the proximi ty  of point C t o  the v e r t i c a l  guidance t ransmi t te r  
(angular or ig in)  and the r e l a t i v e l y  small change of distance 
t o  the remote l a t e r a l  guidance angular or igin.  

t o  about 90 f e e t  under the  same assumptions of the  point B dis-  
cussion. This reduces the side-step maneuver by about 20%. A s  
noted, however, the time may be reduced t o  'I; t h a t  a t  point B 

and the bank l i m i t s  may be such as t o  require  twice the  longi- 
tudinal maneuvering distance t o  achieve t h i s  amount of side-step 
with severely l imited bank angles t h a t  plague the  p i l o t  ( o r -  

Consequently, the side-step maneuver i s  now reduced 
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autopi lo t )  a t  such low heights. 
a b i l i t y  t o  complete a successful landing. 

v e r t i c a l  correct ion maneuver (of ten referred t o  a s  the "duck- 
under" maneuver) should be examined by simulation. 
case, the  p i l o t  of ten increases sink r a t e  t o  correct  f o r  the 
excessive heights  t h a t  he encounters when the e r ro r s  are  on 
the  high side.  Simulation of one error a t  a time would be bene- 
f i c i a l  while including increasing amounts of the  other e r ror .  
It i s  not l i k e l y  t h a t  as  much b ia s  (skewness) i n  l a t e r a l  e r r o r  
w i l l  appear i n  the data  a s  i n  v e r t i c a l  e r rors .  Photo measurements 
of operational a i r c r a f t  landings under operational conditions 
suggest that  the e r ro r s  w i l l  not be a normal d i s t r ibu t ion  as 
viewed by the  p i l o t  a t  point C. It is  probable t h a t ,  based on 
previous data, the tendency w i l l  be t o  f l y  low on the  path well  
beyond the s t i pu la t ed  amount t o  obtain v i sua l  contact ( a t  a 
given ce i l i ng )  fu r the r  f rom the threshold for a spec l f ic  height,  
adding time t o  correct  l a t e r a l  errors. 

"horizontal  window" a t  the 100-foot height. T h i s  window concept 
includes a l l  the  possible 3 sigma posit ions the  p i l o t  m a y  be a t ,  
as he views the surface from a approach height of 100 f e e t .  
They include the  l a t e r a l  and longitudinal dispers ion of e r r o r s  
and typ ica l  path var ia t ions.  It should be noted that  no s ingle  
path a t  a spec i f i c  runway would have this spec i f ic  s i z e  window. 
However, t he  " t o t a l  system" e r ro r s  involving several  instrument 
runways can readi ly  include t h i s  amount of dispersion. Since 
there  are  around 500 ILS ins t a l l a t ions  (sometimes four per air- 
po r t )  i n  t h e  wor ld  today, m a n y  combinations can ex i s t .  
number i s  used t o  i l l u s t r a t e  t he  quantity of 3 sigma e r ro r s  that 
may be encountered. 

window (Figure 28--containing a l l  possible locat ions of point C )  

T h i s  severely l i m i t s  the p i l o t ' s  

The combination of both the side-step maneuver and the  

I n  the l a t t e r  

Another i n s t ruc t ive  example i s  the  c rea t ion  of a 

T h i s  

The purpose of the  1200-foot x 235-foot horizontal  
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i s  t o  i l l u s t r a t e  the wide range of viewing pos i t ions  and the f a c t  
t h a t  the v e r t i c a l  e r ro r s  above an ideal course create  l e s s  hori- 
zontal  dispersion toward the threshold than equivalent gl ide path 
e r ro r s  below the  path. 
posi t ion of the CAT I1 decision height, there  m a y  be other 
diversionary cues that  occur simultaeously--for example, 
excessive cross-track veloci ty ,  undetected crab angle, o r  other 
a t t i t u d e  va r i a t ions  t h a t  add t o  the  problems of recognizing 
(within a few seconds) what re la t ionship the  a i r c r a f t  has with 
respect t o  the l imited ground references. The large longi tudinal  
dimension (1200 f e e t )  i s  due t o  the  var ia t ions permitted i n  the 
shallow angles of the  g l ide  path. 

window" dimensions have been projected downward t o  t he  elevat ion 
of t h e  runway threshold. This might be considered a "footpr int"  
of the  t o t a l  3 sigma va r i a t ioas  t h a t  may be enccun%ered i n  the  
a i r c r a f t . ' s  posit ion.  Note t h a t  the nearest point f o r  viewing 
the runway from a 100-foot height i s  500 f e e t  from the threshold 
and the most d i s t an t  point t o  view the runway from a 100-foot 
height i s  about 1700 f e e t  f rom the  runway. T h i s  i s  a va r i a t ion  
of about 3 t o  1 f o r  point C r e l a t ive  t o  threshold. These dis-  
persions change the expected image size of t h e  runway threshold 
(angle subtended by runway width) by 3 t o  1. There a re  s i m i l a r  
major changes i n  the v e r t i c a l  perspective. When examining 
Heads-Up displays using runway images, aiming points ,  e tc . ,  t h i s  
f a c t  should be borne i n  mind. The p i l o t  w i l l  have some h i n t s  
as  t o  which d i rec t ion  he m a y  be i n  e r r o r  (eqezience a t  a spec i f ic  
r u n w a y ,  h i s  s m a l l  C U I  indication, e tc . ) ;  y e t ,  t h e  f u l l  rea l iza-  
t i o n  w i l l  not come u n t i l  he has acquired aqd recognized some of 
the  v i sua l  cues from the ground, u t i l i z i n g  what he can see with 
but 1200-foot v i sua l  ranges from ILS point C. 

It w i l l  be seen i n  Figure 30 that  a t  a s l a n t  range of 
1200 f e e t  t o  the ground and w i t h  a cockpit cut-off angle of about 

I n  addition t o  t he  wide va r i a t ion  i n  the 

Figure 29 i s  s i m i l a r ,  but the 100-foot "horizontal  
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14 degrees, olrly a5out 700 f e e t  of the surface w i l l  be v i s i b l e ;  
the more d i s t an t  po in ts ,  of course, vanish a t  the l i m i t  of RVR 
( s lan t ) .  The RVR i s  not always equivalent t o  s l a n t  range, and 
i n  some p a r t s  of t h e  world the  two can have wide va r i a t ions  
because of the laminar o r  non-laminar nature o f  t he  fog OF other 
v i s i b i l i t y  r e s t r i c t i n g  media. I n  the case of t he  a i r c r a f t  nearest  
the  threshold,  only about 100 f e e t  of approach l i g h t s  a re  avai l -  
able, whereas i n  the other l imi t ing  case some 700 f e e t  are avai l -  
able, and they continue t o  be avai lable  f o r  about 6 seconds vs 

second. This i s  a 12 t o  1 r a t i o  of times avai lable  t o  make 
a m o s t  c r i t i c a l  judgment. Nominal speeds of 200 f p s  are  assumed 
i n  t h i s  region. 

I f  the p i l o t  i s  t o  remove the a i r c r a f t ' s  l a t e r a l  avld 

longitudinal e r ro r  some maneuvering time i s  needed. These 
f igures  portray several  aspects of the 100-foot v i sua l  height 
problem i n  correcting the  e r ro r s  t ha t  w i l l  e x i s t  i n  many cases. 
Depending upon how the  s igna ls  (e r ror  d i rec t ions)  conbine, the  
p i lo t  m a y  have a CDI deflect ion,say t o  f l y  l e f t ,  by a readable 
amount and can be prepared t o  do s o  a t  the  time of adequate 
visual contact and f ind  himself ac tua l ly  on center l ine.  Again 
the concern e x i s t s  t h a t  the path deviation ind ica t ion  does not 
agree with the actual  world i n  a region s o  s ens i t i ve  t o  v i sua l  
cues. 

Figure 30 i l l u s t r a t e s  the  point of the v i sua l  sec tor  
that  the p i l o t  w i l l  view, assuming t h a t  t he  s l a n t  range v i s i b i l i t y  
i s  a l s o  1200 f e e t  at  the l i m i t s  of the  CAT I1 operation. The 
p i lo t  does not see his "aiming point." This i s  defined a s  the  
point on t h e  surface t h a t  the  f l i g h t  path of the a i r c r a f t ,  con- 
tinued i n  the same d i rec t ion ,  would f i n a l l y  contact. Even i f  
the p i l o t  i s  f ly ing  the  ILS g l ide  slope prec ise ly ,  thus estab- 
l i sh ing  such a point and path qui te  accurately,  he w i l l  not see 
the ILS aiming point ,  since it i s  obscured from v i s ion  around 
1000 f e e t  f r o m  threshold. 



The a b i l i t y  t o  judge the  a i r c r a f t ' s  aiming point may be 
far  more s igni f icant  psychologically than ant ic ipated.  Without 
it the p i l o t  i s  forced t o  mentally integrate  over the short  v i sua l  
surface segment. He f l i e s  by observing it f o r  a given period and 
in tegra t ing  from one v isua l  segment; t o  the  next, thus determining 
f rom t h i s  misleading, depressed viewing angle the actual  v e r t i c a l  
f l i g h t  path angle of the a i r c r a f t .  

but not t he  v e r t i c a l  e r ro r s  ( o r  corrections thereto) .  A s  shown 
i n  Figure 31, the most  d i s t an t  object v i s i b l e  i s  about 1200 f e e t  
i n  f ront  of the  a i r c r a f t  depressed a t  an angle of  about 4.5 
degrees a t  a 100-foot height and about 7 degrees a t  a l5O-foot 
height,  t he  height most  l i ke ly  f o r  f i r s t  v i sua l  contact. By 
I C A O  de f in i t i on ,  the 100-foot decision height i s  the point a t  
which pull-up i s  i n i t i a t e d  if the  landing i s  abandoned because 
adequate v i sua l  contact had n o t  been previously observed f o r  a 
su f f i c i en t  time t o  continue the  landing v i sua l ly  under CAT I1 
concepts. It i s  l i k e l y  tha t  since the angle f o r  CAT I1 never 
decreases below 4.5 degrees (changing slowly from about 7.0 t o  
4.5, increasing with descending height, su f f i c i en t  vanishing 
point cues w i l l  not ex i s t .  These are  recognized cues t h a t  a id  
i n  judging v e r t i c a l  height,  sink ra te ,  and path angle. Further- 
more, the  center  of  the v isua l  segment i s  depressed i n  angle 
even more, being 7 degrees a t  100 fee t  and 9.5 degrees a t  150 
f e e t .  These a re  depressed surface segments somehow requir ing 
reference i n  the  p i l o t r s  mind t o  an intended landing point on 
the runway. These depressed segments cannot be seen at  the  time 
of decis ion nor during judgment periods. N o t  being able t o  
associate  these angularly depressed cues with normal v i sua l  
f l i g h t  cues, the  p i l o t  may not be able t o  estimate where he i s  
i n  height or the  aiming point. 

of such information i s  c r i t i c a l .  The p i l o t  probably looks  out 
the  windshield i n  a normal VFR landing using some cues a t  l e a s t  

The l a t e r a l  e r rors  and corrections a re  f a r  more obvious, 

Although no data  on t h i s  seems t o  e x i s t ,  the  generation 
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2000 t o  3000 f e e t  ahead of t h e  moving a i r c r a f t ,  
is understood about the v isua l  psychological cues needed t o  dr ive 
an automobile, the Department of Health, Education, and Welfare 
has opened ( i n  ear ly  1967) a research center t o  attempt t o  deter-  
mine important dr iver  cues. I n  t h e  auto, t he  d r i v e r ' s  eyes a re  
a t  a constant height;  t h i s  i s  not t r u e  with p i l o t s .  Thus, t h i s  
t e s t  of depressed short  v i sua l  segments i s  suggested, s ince it i s  
known t h a t  small (% degree) runway slopes beyond t h e  threshold 
a re  detrimental  t o  good landing performance (dispersion and s ink 
r a t e ) .  
seem t o  u t i l i z e  visual points  about t h i s  f a r  away. 
roughly along the  f l i g h t  path of the  a i r c r a f t  seems i n s t i n c t i v e  
and i s  denied by forcing surface viewing angles depressed by 2% 
t o  3% times normal g l ide  path angle. A t e s t  should be conducted 
i n  which the  cockpit cutoff of around 14 degrees i s  supplemented 
with another cutoff a t  about 7 degrees because of RVR l i m i t s .  
A n  examination should then be made of what the p i l o t  does with 
the remaining "-degree wide sector .  
31) the  v i sua l  segment i s  l e s s  than 500 f e e t  i n  length. 

Although l i t t l e  

Furthermore, N a v y  p i l o t s  landing aboard c a r r i e r  decks 
Viewing 

A t  a 150-foot height (Figure 

2. PITCH REFEFU3NC.E 
I n  addi t ion t o  d i f f i c u l t y  in establ ishing the  v e r t i c a l  

f l i g h t  path of the a i r c r a f t  as he l o o k s  out the  w 
p i l o t  has an addi t ional  problem. No horizon tha t  
of p i t c h  a t t i t u d e  i s  available.  The roll horizon 
i f  the  surface l i g h t s  are  cor rec t ly  used and seen 
but t h i s  i s  not t r u e  with the visual  p i t c h  cues. 
w i l l  the  p i l o t  have d i f f i c u l t y  i n  visual ly  determ 

ndshield,  the 
i s  representat ive 
ma;. be avai lable  
by the  p i l o t ,  
Thus, not only 
ning the  aiming 

point of t h e  a i r c r a f t  but he w i l l  also have increased d i f f i c u l t y  
i n  attempting t o  correct  it with pitch changes, because no refer-  
ences e x i s t  f o r  p i t c h  with a 500 t o  700 f o o t  surface segment(at 
about -7 degrees) f o r  the correction, This m a y  argue f o r  a "heads- 
up display,"  but not necessar i ly  s o  since the r e g i s t r y  of t he  
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aiming point ,  l a t e r a l  e r ro r ,  longi tudinal  e r rors ,  and r a t e s  of 
e r r o r  change must be near perfect  o r  they w i l l  so d i s t r a c t  the 
p i l o t  t h a t  he cannot e s t ab l i sh  the  t r u e  p i t c h  a t t i t u d e  from 
viewing outside the a i r c r a f t  under the CAT I1 c r i t e r i a .  

only 7 t o  9 degrees i n  width and with centers  depressed from 7 
t o  9.5 degrees below the  ac tua l  horizon, e x i s t s  a t  1200-foot 
visual  ranges. The p i l o t  viewing t h i s  m a y  get  the i l l u s i o n  of 
a changing p i t ch  a t t i t u d e  o r  p i t c h  reference,  since t h e  surface 
segment becomes longer and the  angle t o  i t s  center  i s  moving 
upward gradually. 
tha t  has not i n  r e a l i t y  occurred, OT, a t  l e a s t ,  confuse any 
exis t ing p i t ch  cues. 

increases from only 600 f e e t  t o  over 1000 f e e t  as  the height 
of the a i r c r a f t  i s  decreased. This v i sua l  complexity i s  i l l u s -  
t ra ted  i n  Figure 32. Note t h a t ,  i n  addi t ion t o  t h i s  change of 
length, the center angle viewed from the cockpit changes by about 
2 t o  1; ye t  even a t  threshold height,  does not a r r ive  at  the 
f l i g h t  path angle of the  a i r c r a f t .  The enclosed angle of t he  
t o t a l  v i sua l  sector  changes about the  same amount (2 t o  1). 
obviously b e t t e r  v i sua l  cues a t  the lower heights are  an a i d  
t o  the  p i l o t .  The problem i s :  How does he safe ly  a r r ive  i n  a 
s i tua t ion  t o  see them? Upon seeing them, s o  l i t t l e  time i s  l e f t  
t o  do anything except t o  hopefully observe a good landing. 
Figure 32 i l l u s t r a t e s  the path of the lneasured v i sua l  f l i g h t  
paths showing t h a t  the  viewing angle over threshold because of 
a lower threshold height f i n a l l y  encompasses the  f l i g h t  path 
of the a i r c r a f t  and i t s  aiming point s o  t h a t  it i s  near the 
center of  the  v i sua l  segment. This may be a highly s igni f icant  
reason explaining why p i l o t s  "duck-under" i n  low v i s i b i l i t y .  
A l s o  note t h a t  the  v i s u a l  segments are  located f u r t h e r  f r o m  
threshold i n  the l a t t e r  cases, giving the  p i l o t  more time t o  

Figure 31 shows t h a t  a t o t a l  v e r t i c a l  surface segment, 

This m a y  give an i l l u s i o n  of a p i t c h  change 

Similarly,  the length of the v i sua l  surface segment 

The 
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u t i l i z e  what he seesat  a spec i f ic  height. This addi t ional  2 
seconds may also be s igni f icant .  

These ideas are  summarized i n  Figure 33, which i l l u s -  
t r a t e s  these sens i t ive  v e r t i c a l  angles a t  spec i f i c  po in ts  03 t he  
landing path. Note t h a t  for an eye l e v e l  (height) change of 7 t o  
1, the v e r t i c a l  angle (negative) t o  the mos t  d i s t an t  v i sua l  point 
chmges by 14 t o  1 and a r r ives  within % degree of the horizon. 
The t o t a l  subtended angle of the  v i sua l  segment va r i e s  only 2 t o  
1 as does the actual  length of the v isua l  segment. The complex 
relat ionship of these c r i t i c a l  v e r t i c a l  angles, the p i l o t ' s  
a b i l i t y  t o  in tegra te  negative (depressed) angles up t o  -9 or -10 
degrees, and the motion of t h e  moving, shor t ,  surface segment 
a l l  need considerable v isua l  and p i l o t  research using new, 
r e a l i s t i c  simulators designed so le ly  for t h i s  e f f o r t .  These 
values of Figure 33 a re  tabulated below. Figure 34 i l l u s t r a t e s  
t h i s  for CAT 111-A. 

ICAO CAT I1 Eye Level Vert ical  Total Sub- 
Significance Height(feet)  Angle t o  tended Angle 

above Most D i s -  t o  Visual 
Threshold t a n t  Sur- Surface 

F i r s t  Visual 
Cue 150 (-)7.1" 6.9" 
Lowest Deci- 
s ion  Height 100 (-)4.8" 9.2" 
T h r  e sho Id 
Height 55 (42 .7"  11.3" 
Roll-out  20 (40.5" 13.5" 

Length of  
Visual Sur- 
face Segment 
( f e e t )  

I 

about 585 

about 800 

about 980 
about 1120 

Figure 35 provides an index by which some crude e s t i -  
mates can be made of what the p i l o t  w i l l  see in  each pos i t ion  
within the 100-foot "horizontal window," Th.e t o t a l  3 sigma area 
a t  a 100-foot height i s  divided i n t o  blocks. They a re  iden t i f i ed  
by the  l e t t e r s  A-F l a t e r a l l y  and numbers 1-11 longitudinally.  
Block B-2 i s  shaded to i l l u s t r a t e  t he  scheme (Figures 38 and 39 
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a re  each ident i f ied  accordingly). Each block i s  approximately 
40 fee t  wide x 100 f e e t  long. Tne v e r t i c a l  angles es tabl ishing 
"Row-11" blocks a re  l e s s  than the v e r t i c a l  angles es tabl ishing 
"Row-1" blocks. This i s  a n  obvious geometrical s i t u a t i o n  t h a t  
r e su l t s  i n  a Skewness i n  dispersion of possible block loca t ion  
not t rea ted  with normal d i s t r i b u t i o n  techniques. This i s  a 
means of moving ICAO-ILS point i: around t o  posi t ions r e l a t i v e  
t o  the runwq threshold t h a t  a r e  representat ive of the e n t i r e  
range of e r ro r s  up t o  the 3 sigma values. A s  noted before, t h i s  
example m a y  o r  m a y  not be representat ive,  since several  po ten t i a l  
errors  have not been accounted f o r  i n  t h i s  analysis.  

Furthermore, the normal d i s t r i b u t i o n  m a y  not be repre- 
sentative of the various s i t ua t ions  t h a t  may e x i s t  a t  spec i f i c  
runways. For  instance,  it i s  planned t o  use the  radio a l t imeter  
f o r  height measurements of point C. The time and pos i t ion  of 
the  a i r c r a f t  reaching the  100-foot point ( o r  some previous point 
such as  150 f e e t )  requires  a spec i f ic  v e r t i c a l  angle. 
a l w a y s  avai lable ,  nor is i t s  accuracy adequate. The ILS i s  only 
an angular system. 
alt imeter f o r  t h i s  function i n  accordance with AC 120-20. However, 
t e r r a i n  i r r e g u l a r i t i e s  r e s u l t  i n  incorrect  measurement of the  
height r e l a t i v e  t o  touchdown elevation. 
approved method of  determining point C ,  it can be seen t h a t  addi- 
t iona l  s c a t t e r  of t h i s  point can occur. 

t i o n  char t  is  used (as  now published i n  some f l i g h t  manuals) t h a t  
gives the  terrain-corrected height,  it can s t i l l  vary since the 
var ia t ion  i n  the shallow v e r t i c a l  path angles r e s u l t s  i n  large 
longitudinal dispersions.  Thus, i n  t h i s  case, an actual  p r o f i l e  
on a n  instrument runway approach t e r r a i n  ( the 3 sigma e r r o r  pre- 
v i o u s l y  noted) w i l l  be exceeded. There i s  a general increase i n  
i r regular  threshold p ro f i l e s ,  since most  j e t  runways a re  extensions 
of previous runways using land fill. 
burgh, and Lamardia,  New York, a r e  good examples. 

DME i s  not 

Thus, most a i r l i n e s  have added the  radio 

Since t h i s  i s  the  

Figure 36 s t r e s ses  t h i s  point ,  Even i f  a p ro f i l e  correc- 

S e a t t l e ,  Washington, P i t t s -  
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Figure 37 i l l u s t r a t e s  the approximate view the  p i l o t  
would receive a t  a height of 100 f e e t  i f  he were i n  pos i t ion  blocks 
7-C,  7-D, 7-A, and 7-F. These a re  a t  a constant distance from 
threshold, nearly idea l  f o r  representing the  nominal distance of 
point C. They demonstrate the  e f fec t  of l a t e r a l  e r rors .  Both 
the  1 sigma er rors  (7-C and 7-D) and the 3 sigma e r ro r s  (7-A and 
7-F) are i l l u s t r a t e d .  The obscured, d i s t an t  pa r t  of t he  runway 
(such as the vanishing point)  i s  noted, This assumes a slant 
visual range (SVR) of about 1800 f e e t  t o  obtain a view of the 
runway threshold from t h i s  posi t ion.  

representative of point C ) ,  the  runwq threshold cannot be seen 
w i t h  a v i s i b l e  range of l e s s  than 1200 f e e t .  The p i l o t  must r e l y  
on the l i g h t s  with l e s s e r  RVR conditions (such a s  for CAT 1 1 1 - A )  
at  t h i s  point u n t i l  the  threshold comes i n t o  view. Another problem 
i s  that  the width of t he  runway ( the subtended angle as seen by 
the p i l o t )  i s  a-very c r i t i c a l  aspect of the maneuver. The v i sua l  
cues suggesting how much side-step t o  make are  probably c lose ly  
related t o  seeing p a r t s  of the runway t o  judge the extent of 
available space and time t o  conduct the maneuver or whether t o  
attempt it a t  a l l .  A l l  block r o w s  beyond F i n  Figure 35 a re  
posit ions of  point C t h a t  do not provide a view of the  threshold 
w i t h  a 1200-foot v i sua l  range. 

perspective and assumes enough v i s i b i l i t y  (1800 f e e t )  f o r  i l l u s -  
t r a t i v e  purposes, indicat ing the paving width and the  r u n w a y  
edges. Note the  lack of vanishing points ,  and (though not pos- 
s ible  t o  show i n  a small i l l u s t r a t i o n )  t h a t  the  scene would 
appear t o  the s ide of t he  windscreen center l ine  view ( s t r a igh t -  
ahead view). 7-A and 7-F would be displaced a grea te r  amount off 
the center l ine of the windscreen than 7-C and 7-D. The i l l u s i o n  
derived when the a i r c r a f t  i s  heading other than p a r a l l e l  t o  the  
runway center l ine may become a confusing v isua l  cue. The extent 
of t h i s  v i sua l  confusion i s  not  known and needs invest igat ion.  

It should be noted t h a t  from these four  posi t ions (each 

Figure 38 removes a l l  but the v i s i b l e  pa r t  of the  runway 
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The l imited perspectives may cause the p i l o t  t o  incor rec t ly  
judge the  placement of the threshold with respect t o  the  s t r a igh t -  
ahead view as  crab angle. 
present ,  t h i s  would not occur. 
d r i f t  due t o  crab angle m a y  give f a l se  guidance i l lus ions .  

Figure 39 i l l u s t r a t e s  the case of t he  various ILS and 
f l i g h t  e r ro r s  placing the p i l o t  i n  blocks 1-A and 1-F (see Figure 

35 again). Figure 39 attempts t o  show the  enlarged view ( r e l a t i v e  
t o  the  7-A and 7-F views) now available of the  threshold, since 
the  p i l o t ' s  eyes a re  now only about 500 f e e t  f rom threshold. 
It fu r the r  shows the  3 sigma e r r o r  and the  perspective of t h e  
runway t h a t  ensues from these two positions. A t  these points  
the threshold i s  near ly  a t  t he  cockpit cutoff l i n e ,  and w i l l  
soon vanish ( i n  about 1 second) from the  p i l o t ' s  view. 
i l l u s t r a t e d  i s  t r u l y  a f l e e t i n g  picture of the  threshold as seen 
from a 100-foot 'height. The 1200-foot RVR (slant) r e s u l t s  i n  
about $00 f e e t  of runway iength being v i s ib l e .  Not shown i s  the  
f a c t  t h a t  any l i g h t s  o r  markings diminish i n  v isua l  prominence 
with dis tance,  becoming very vague even 300 t o  400 f e e t  inside 
threshold. The c l ea r  view of t he  threshold provides a b e t t e r  
judgment of vanishing points and the amount of l a t e r a l  error .  
I n  t h i s  case (of seeing the threshold f o r  1 second) the judgment 
would undoubtedly be t o  not attempt a landing, since the side- 
s tep  t o  runway center l ine i s  about 110 f e e t  on a 3 sigma b a s i s  
and 80 f e e t  t o  a point 230 f e e t  from center l ine  (thought t o  be 
by some the  outside l i m i t s  of l a t e r a l ,  main gear, touchdown dis-  
persions).  

Figure 39 now places the  r u n w a y  center l ine about 14 degrees off 
the  center  of the  windscreen, an amount near ly  equal t o  the  
v e r t i c a l  (negative) cutoff angle. Depending upon the dimensions 
of the  windscreen of the spec i f ic  a i r c r a f t ,  p a r t  of the s t ruc tu re  
of the  a i r c r a f t  m a y  now start t o  obscure pa r t  of t h e  view of the 
runway. However, it i s  obvious tha t  the  threshold subtends a 
very la rge  viewing angle s o  t h a t  t h i s  l o s s  i s  probably of l i t t l e  

If the perspective were completely 
3. 

If he does t h i s ,  heading and 

What i s  

The reduced distance for viewing the threshold i n  
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consequence. 
s ide of the a i r c r a f t ;  however, judgment of height and p i t c h  may 
be impaired with such a short  segment. 

needed. The pi105 may not ,  but obviously should, f e e l  from t h i s  
view t h a t  he i s  excessively high over the  threshold and excess- 
ively displaced from center l ine.  Although the  3 sigma value i s  
three cases per thousand, caution i s  urged i n  i t s  use. 
th ree  per  thousand i s  much t o o  large a number of atternpts t o  
land from t h i s  posi t ion,  and second, t he  lack of adequate maneu- 
vering da ta  f o r  various a i r c r a f t  (when ava i lab le)  m a y  suggest 
t h a t  the s a f e s t  thing t o  do i s  t o  overshoot. Perhaps t h i s  would 
apply a l so  t o  the  2 sigma case. The s ignif icance of p i l o t i n g  
accuracy and immediate decisions for determining the l i m i t s  of 
sa fe ty  under these conditions obviously needs much more research 
t o  e s t ab l i sh  safe  l i m i t s .  

It i s  very evident that  the  runway i s  f a r  t o  the  

This i s  a good example of the type of t e s t  data  t h a t  i s  

F i r s t ,  

This i s  t= sa;. +h 4- tk;e p i lo t  s --- L t - w D  ---- of mfiways, as uJLa 
shown i n  Figure 3'3 a t  100 f e e t  of height, a r e  probably unsafe 
conditions f o r  the  continuation of  a landing of  a large a i r c r a f t .  
Whether they a re  safe  f o r  a s m a l l ,  slow a i r c r a f t  can only be 
determined by de ta i led  t e s t i n g  and simulation. The question of 
what i s  a "safe view" of the runway a t  the 100-foot height remains 
unanswered and w i l l  probably d i f f e r  fo r  each a i r c r a f t  and runway. 
It w i l l  a l s o  require  enormous and sophisticated v i sua l  t r a in ing  
o f  instrument-rated p i l o t s  t o  be able t o  teach them how t o  make 
complex decisions quickly f rom various l imited v isua l  segments. 
What spec i f i c  cues he does l o o k  f o r  t o  make the  evaluations 
(which a re  obviously required) a re  probably subconsciously or 
i n t u i t i v e l y  derived ra ther  than purposely or consciously. The 
time t o  make the judgment i s  very short, and even i f  much more 
time were avai lable ,  what should the p i l o t  look  for?  Is it the  
motion of t h e  threshold toward him and i t s  rapidly expanding, 
subtended angle? Is it the in tens i ty  of the l i g h t s  t h a t  increase 
with decreased v i sua l  range t o  each l i gh t?  Do the geometrics of 



the  perspective (angles made by the edge of the r u n w a y  with the  
threshold) create important, instantaneous impressions on the 
p i lo t ?  
the windscreen center important, and i s  it  confused with crab 
angle? 

i n  t h i s  s i t ua t ion  where they could be i n  e r ro r  by r e l a t i v e l y  
large amounts (image s i z e ,  l a t e r a l  displacement, aiming poin t ,  
longitudinal displacement)? 
CAT I1 and 111 ILS Standards as now wri t ten.  
of visual  cues of perspective geometry, displacement from wind- 
screen center l ine,  and the  "dynamic nature" of the  short  segment 
scene all necessary? Which are  most  sens i t ive  o r  misleading? 
Do the large but changing negative angles encountered i n  viewing 
the short  v i sua l  segment f o r  CAT I1 ( s t a r t i n g  a t  140 t o  150 f e e t  
of height) create  f a l s e  p i t c h  i l l u s ions?  Can a p i l o t  f l y  t o  a 
given aiming point without seeing i t ?  C m  he estimate i t s  loca- 
t i o n  by viewing short  surface segments a t  negative angles well  
removed from the ac tua l  f l i g h t  path angle? 

Is the displacement of t he  runway t o  the f a r  s ide of 

If "heads-up" displays a re  coilsidered, how do they work 

All t h i s  i s  permissible i n  the ICAO 
Are the combination 
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V. SIGNIFICANCE O F  ANALYSIS 

The significance of mach of t h i s  analysis  t o  s teep angle 
approaches comes about since the  amount of time avai lable  f o r  
s t a b i l i z a t i o n  on a normal, f l a t  glide path i s  much longer than 
t h a t  avai lable  f o r  a steep path. Furthermore, the a b i l i t y  t o  
p u l l  up quickly, thus ha l t ing  sink ra t e ,  i s  reduced with steep- 
angle approaches. Corsequently, any e r ro r s  i n  t h i s  s teep segment 
of t he  landing maneuver w i l l  be carried over i n t o  the  lower 
heights,  since l i t t l e  time remains t o  correct  them before reaching 
I C A O  points  B and C (about 200 and 100 f e e t ,  respect ively) .  
This i s  t o  say t h a t  from point B, on a nominal ILS approach path,  
the p i l o t  should 5e s t ab i l i zed  on both g l ide  and l o c a l i z e r  paths 
r a the r  well  since he has enjoyed a long ,  steady-state condition 
f o r  some t i m e  before arr iving a t  t h i s  point.  

l o n g  steady-stase condition has not prevailed before the a r r i v a l  
of the a i r c r a f t  a t  point B. However, the a.nalysis of  g u i d a x e  
e r ro r s  and f l i g h t  e r ro r s  on the  s t e e p  path o r  i t s  t r a n s i t i o n  
before point B remains the  same. A more complex s i t u a t i o n  associ- 
ated with the  guidance e r ro r s  (or possibly contributing t o  them 
because of poor analysis  o r  rapidly changir,g information) w i l l  
e x i s t ,  but the analysis can s t i l l  be the  same. 

approach should have added additional f l i g h t  e r ro r  i n  e i t h e r  sink 
r a t e ,  l a t e r a l  dispersion, v e r t i c a l  dispersion, o r  possibly 
excessive longitudinal speed (gained from the energy expended 
i n  pull-out from the rapid descent). For t h i s  analysis  a new 
point could possibly be established, which would be the  i n i t i a t i o n  
of round-out from the steep approach angle and precedes point B, 
but i s  closely r e l a t ed  t o  it. E r r o r  analysis  of t h i s  new point 
i n  l i n e  with the philosophy given should prove in t e re s t ing .  

With a contiguous steep-angle approach t o  landing, t h i s  

Perhaps t h i s  analysis  o f  a steep-angle low-vis ibi l i ty  



V I .  STATISTICAL TREATMENTS OF VARIOUS 
FLIGHT AND INSTRUMENT ERRORS 

A s  indicated a t  t he  beginning of t h i s  repor t ,  orily the  
simplest s t a t i s t i c a l  treatment of the da ta  could be made. Insuf- 
f i c i e n t  da ta  e x i s t s  011 dispersions t o  w a r r a n t  any of the  more 
sophis t icated s t a t i s t i c a l  techniques. However, it i s  noteworthy 
t h a t  a s imi la r  e f f o r t ,  which took some years i n  various countries 
and par t ic ipa ted  i n  by the FAA, industry, and NASA, r e l a t e s  t o  
v e r t i c a l  separation of a i r c r a f t .  The I C A O  Panel on Ver t ica l  
Separation u t i l i z e d  inputs from several nations and the United 
S ta t e s  t o  e s t ab l i sh  barometric errors--that i s ,  DOC-7672-AN/860 
and subsequent reports .  I n  t h i s  case, some 15 iden t i f i ed  e r r o r  
f ac to r s  were included ( f r i c t i o n ,  temperature, backlash, reada- 
b i l i t y ,  f l i g h t  technique, e t c . ) ,  and each w a s  t r ea t ed  a s  e i t h e r  
having a normal o r  abnormal d is t r ibu t ion .  The t o t a l  contributing 
e r r o r  elements seeiiied t o  be accounted f o r  a f t e r  s o m  concentrated 
standardization and t e s t ing  e f f o r t s  f o r  2 t o  3 years.  Values 
were assigned t o  each e r ro r  based on da ta  such as  the NASA VGH 
data.  These measurements and data  were then used t o  determine 
the  3 sigma separation between two a i r c r a f t .  

Since 1000 f e e t  o f  height separation i s  standard, it 
was used t o  determine the  number of times it might be exceeded 
by two a i r c r a f t  i n  the same airspace, thus c rea t ing  a c o l l i s i o n  
r i s k .  
would a l so  have t o  occur (within the dimensions of the  two a i r -  
c r a f t  f o r  a co l l i s ion ) .  Two a i r c r a f t  would not co l l ide  even i f  
they were a t  the  same a l t i t u d e ,  unless they were i n  the same, 
s m a l l  cubicle of airspace a t  the same time within the  same few 
seconds. 

a l t i t u d e  separation e r ro r  analysis  and the ILS landing analysis.  
F i r s t ,  it uses 3 sigma f igures ,  assigning 3 / l O O O  as the  c r i t i c a l  
p robabi l i ty  (not 1 o r  2 sigma). Furthermore, it cannot a lwws 

O f  course, the  same l a t e r a l  and longi tudinal  pos i t ion  

It i s  in t e re s t ing  t o  note the s imi l a r i t y  between t h i s  

111 



be assumed t h a t  there i s  a normal d i s t r i b u t i o n  of ce r t a in  e r rors .  
I n  additiofl, the  iden t i f i ca t ion  of  15 contributory causes indi-  
cates t h a t  a thorough job was done. 

A s  i n  the landing example discussed, the f l i g h t  tech- 
n ica l  e r r o r  has a large e f f ec t  on the t o t a l  system er ror .  When 
using the  RSS method, several  small e r ro r s  contribute l i t t l e  t o  
t o t a l  RSS system e r ro r ,  which i s  composed of a large s ingle  e r ror .  
Certain f ac to r s  were considered--f o r  reasons beyond t h i s  discus- 
sion-- t o  have no d i s t r ibu t ion  such as diaphragm (of aneroid),  
hysteresis ,  s t a t i c  pressure,  e t c .  These f ac to r s  t o t a l ed  nearly 
60 percent of the t o t a l  e r ro r ,  a d  the  normally d i s t r ibu ted  
fac tors  contributed the remainder. Thus, some e r ro r s  were added 
ar i thmetical ly  t o  the summation, and RSS treatment was applied 
t o  several others.  The main point i s  t h a t  there  were proper, 
and apparently good engineering reasons t o  do t h i s .  

not a l l  e r ro r s  contributing t o  CAT I1 operations have been 
accounted for .  Only the most  evident and previously noted ones 
(mostly those given i n  ICAO-FAA standards) are  used. 
the  s i g n i f i c a x e  of a "near m i s s "  between two a i r c r a f t  i s  qui te  
d i f fe ren t  from the re la t ionship  between an a i r c r a f t  and ground 
obstacles when the a i r c r a f t  i s  landing under very low v i s i b i l i t y  
conditions. 
obstacle t o  the f i r s t  a i r c r a f t  i s  made equivalent t o  the ground, 
then it i s  the  same as  i f  the second a i r c r a f t  were a l w a y s  i n  
d i rec t  proximity of the ground a t  a spec i f i c  height. 
"useful paving" area should then be t r e a t e d  more s t r ingent ly  
than the co l l i s ion  avoidance of two a i r c r a f t .  Either some 
errors  must be added ar i thmetical ly  (as  i n  the wors t  cases) ,  
o r  d i f fe ren t  da ta  treatments than normal d i s t r ibu t ions  must be 
used. 
since t h i s  i s  but 3 sigma (3 standard deviations).  
approaching a one per mil l ion probabi l i ty  m a y  be more appropriate 
i n  t h i s  t e r r a i n  co l l i s ion  analogy; t h i s  c a l l s  f o r  much higher 

It must be emphasized i n  the ILS guidance example t h a t  

For  instance,  

I f  the analogy of t he  second a i r c r a f t  being an 

The runway's 

Furthermore, the s ignif icance of 3/lOOO must be considered, 
Something 
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sigma values than a re  used here. 
and mathematically needs much additional e f f o r t  when new data 
warrants it. 

This  report  i s  a f i r s t  e f f o r t ,  

The e r ro r s  t h a t  have not been discussed but t h a t  should 
be added i n  any fu ture  CAT I1 er ror  analysis are:  

1. 
2.  

3. 
4. 

5. 

6. 

7- 

8. 

9. 

path are  

Polar izat ion error .  
Receiver e r ro r  associated with s ignal  l eve l ;  t h i s  i s  
ser ious on long r u n w a y s  since the  s ignal  fades s e r i o - x l y  
because of the height-gain of the  ground antennas j u s t  
p r i o r  t o  touchdown. 
Perturbations of the courses by parked a i r c r a f t .  
Perturbations of the courses by a i r c r a f t  taking off or 
landing i n  the  proximity of the  loca l i ze r  antenna and 
beams during the  approach of a second a i r c r a f t .  
The f l i g h t  d i r ec to r  oi' autopilot  coupler centering erro2s 
(DC t o  AC conversions). 
The p i l o t  reading e r ro r s  (parallax, instrument s e t t i n g  
accuracy, e tc . ) .  
Any c r i t i c a l  manual reference input such as runway heading 
(used now i n  most  f l i g h t  directors ,  au topi lo ts ,  e t c . ) .  
There a re  several  other possible e r ro r s  such as  the o f f -  
s e t  of t he  g l ide  path antenna f r o m  runway center l ine  
and t h e  r e l a t ed  "coning ef fec ts"  and the  tolerances of 
t he  monitoring system. 
Magnetic compass e r ro r s  contributing t o  l o c a l i z e r  i n t e r -  
cept and following er rors .  

The monitoring system f o r  both the l o c a l i z e r  and g l ide  
more complicated e l ec t r i ca l ly  (e lec t ronica l ly)  than the 

ac tua l  guidance t ransmi t te r  system. Consequently, since they 
a re  the yardst icks  (but a r e  not i n f a l l i b l e ) ,  they must be given 
some s t a t i s t i c a l  treatment . 

With very large a i r c r a f t ,  e r r o r s  can be introduced i f  
the  r ad ia t ion  pa t t e rn  of the  a i r c r a f t  receiving antenna i s  not 
symmetrical but favors one s ide rather than the  other. This 
introduces e r ro r s  due t o  r e f l ec t ions  from objects off the r u n w a y  
cen ter l ine  being favored over the direct  guidance signal.  Faulty 
ILS performance was noted because t h i s  can s h i f t  the  loca l i ze r  
course. It i s  probable t h a t  a l ist  of some 15 e r ro r s  qu i te  



s i m i l a r  t o  those obtained i n  the  barometric a l t imeter  s tud ies  
could be generated. 
report since even the f ive  t o  s i x  e r ro r s  discussed have i n  m a n y  
cases poor s t a t i s t i c a l  h i s t o r i e s ,  s o  that new ones need carefu l  
measurement before being introduced. This should not de te r  act ion,  
since n o  total-system e r ro r  f igures  can be f u l l y  applied opera- 
t iona l ly  u n t i l  t h i s  addi t ional  s tep  i s  taken. 
the  significance of these other e r ro r s  i s  not now known. A s  
confirmation, some of the United Kingdom measurements show 
greater dispersions than the analysis  described i n  t h i s  report .  
It i s  possible t h a t  these addi t ional  e r ro r s  can play highly sig- 
n i f ican t  p a r t s  i n  a r r iv ing  a t  a total-system er ror .  

However, t h i s  i s  beyond the  scope of t h i s  

F o r  one thing,  
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V I I -  LIMITkTIONS OF ANALYSIS 

To summarize, only the  simplest normal d i s t r ibu t ions  
have been used i n  t h i s  repor t ;  more sophisticated and more r e l i a b l e  
measurements need t o  be introduced. Perhaps another s i x  t o  t e n  
e r ro r  elements can be iden t i f i ed  whose magnitudes and s t a t i s t i c a l  
treatment a re  not now known. Finally,  even w i t h  the  l imited t r e a t -  
ment presented, it i s  evident t h a t  large discrepancies between 
radio and v i sua l  guidance e x i s t  t h a t  need urgent a t t en t ion  i n  
the  f l i g h t  technical  area. This involves f l i g h t  measurements 
and ul t imately some r e a l i s t i c  simulations t o  determine the t r u e  
magnitude of these e r rors .  A t  present, many a rb i t r a ry  values 
a re  used. The "3-sigma" approach t o  the treatment of these e r ro r s  
m a y  have t o  be changed t o  the  "one-in-a-million" approach t o  keep 
the  p robab i l i t i e s  commensurate w i t h  the very high r i s k  encountered 
i n  the operation. 
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APPENDIX A 

LOW-VISIBILITY LANDING "DECISION-HEIGHT" 

M a n y  of the  concepts of "decision height" remain unclear. 
It i s  generally defined by ICAO and FAA as t h e  height a t  which 
a missed approach must be i n i t i a t e d .  The Report of t he  Fourth 
A i r  Navigatioa Conference describes i t  as  follows: "Decision 
Height : 

"A specif ied height a t  which a missed approach must be i n i t i -  
ated i f  the required v i sua l  reference t o  continue the  
approach t o  land has not been established."--- "The required 
v i sua l  reference means t h a t  section of t h e  v isua l  a ids  or of 
the approach area which should have been i n  view f o r  s.uffi- 
c ien t  time f o r  t he  p i l o t  t o  have made an  assessment of the 
a i r c r a f t  pos i t ion  and r a t e  of change of posi t ion,  i n  r e l a t i o n  
t o  the  desired f l i g h t  path." 

Some obvious questions a re  the  following : 
1. 

2. 

3. 

4. 

5. 

6. 

How long shou1d the  v isua l  swface  sect ion m segneEt be 
a t  200-, 150-, loo-, and 50-foot heights? 
How long does the p i l o t  observe the  required v isua l  
reference a f t e r  it has come above h i s  v i sua l  threshold 
and before he decides or acts?  
Since "decision height" i s  now preferred over " c r i t i c a l  
height,  'I the  de f in i t i on  automatically assumes t h a t  
v i sua l  contact has been established before t h i s  height 
i s  reached. What t i m e  elapses and what a l t e rna t ives  
e x i s t  a f t e r  decision time? 
Could a decision height of ,  say,  150 f e e t  (requiring 5 
seconds t o  recognize t h a t  the approach must be abandoned) 
require  t h a t  the first visual input t o  the p i l o t  (1s t  
l i g h t  o r  object above v isua l  threshold) occur a t  around 
200 f ee t ?  Is  t h i s  assumed 5 seconds constant f o r  
d i f f e ren t  heights? 
A s  the segment of l i g h t s  v i s ib le  a t  lower ce i l i ngs  becomes 
shor te r ,  i s  the p i l o t ' s  problem and associated time for 
es tab l i sh ing  the required visual  reference increased or 
decreased? 
What i s  t h e  time p r io r  t o  decision time f o r  the p i l o t  
t o  make a reasonable judgment of the a i r c r a f t  posit ion 
requir ing a l a t e r a l  correction of 25, 50, 75, 100, or 
125 f e e t ?  ( I s  more time needed f o r  judging a grea te r  
pos i t ion  e r r o r ? )  



7. 

8.  

9. 

10. 

11. 

12. 

13 

14 

Similarly,  how lo-ng a time i s  required when, t o  6 above, 
a s imilar  e r r o r  i s  added longi tudinal ly  such as posi- 
t i o n s  l-F, l - A ,  lO-F, and 10-A of Figure 35? 
Does it take longer t o  recognize a cross-track e r ro r  
at one pos i t ion  than another? 
What e f f ec t  does heading (other than along OF p a r a l l e l  
t o  the  .runway center lne)  have on the p i l o t ' s  a b i l i t y  t o  
judge these values? 
C a n  f a l s e  i l l u s i o n s  be gene 
e r ro r s  t h a t  are  coincident 
by cross-wind correct ions,  
a i r c r a f t  i s  heading t o w a r d  
i t s  t rack  i s  ac tua l ly  para1 
runway center l ine? 

ra ted  with la rge  l a t e r a l  
with heading e r ro r s  caused 
giving the i l l u s i o n  t h a t  the  
the runway center l ine  when 
. le1  t o  o r  divergent from the  

What i s  "the desired f l i g h t  path!'? Does the FAA v i sua l  
landing measurements of 20 f e e t  threshold and about half  
the glide path r e f l e c t  the p i l o t ' s  "desired" path? Or, 
i s  it intended t h a t  the e lec t ronic  ILS gl ide  path i s  
the  "desired" path? 
Do the horizontal  and v e r t i c a l  d i r ec t iona l  propert ies  
of the l i g h t s  a f f ec t  the  p i l o t ' s  judgment when he i s  
positioned as described i n  7 above? 
How does the p i l o t  u t i l i z e  center l ine approach l i g h t s  
t o  a r r ive  a t  a "decision" under visual  contact conditions 
associated with a 1200-foot RVR, as i l l u s t r a t e d  i n  
Figures 37, 38,  and 39? 
How much of a negative, v e r t i c a l ,  v i sua l  angle can the  
p i l o t  use? 

plany of these questions can be answered by s k i l l f u l  
simulation and measured controlled f l i g h t  t e s t s  i n  low v i s i b i l i t y ,  
Figures 15, 16, and 17 indicate  t h a t  even with 3 sigma and 2 sigma 
e r ro r s  an automatically controlled (coupled) a i r c r a f t  w i l l  pass 
over the edge of the runway ra the r  than over the  paving a t  t he  
threshold, 

Even 2 sigma e r ro r s  (50/1000) can r e s u l t  i n  one wheel 
passing ove r  the threshold beyond the  paving f o r  la rge  a i r c r a f t  
with wide t reads and l o n g  bodies (where crab angle can be ser ious) .  
A t  l e a s t  one s e t  of main gear wheels w i l l  not be over the concrete 
when the a i r c r a f t  passes the  threshold,  S ta t ing  it i n  d i f f e ren t  
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terms: runways 300 t o  400 f e e t  wide would be required i f  a usefu l  
width o f ,  say,  90 f e e t  were made available a f t e r  allowing f o r  
e r ro r s  a s  now specif ied (see Figures 12,  13, 15, 16, and 17). 

One can argue t h a t  t he  a i r c r a f t  does not touch down u n t i l  
fu r the r  down the  runway, that  the loca l izer  and i t s  e r ro r s  a re  
converging, and that the  e r ro r s  w i l l  eventually bring the a i r c r a f t  
over the paving. The convergence f o r  l a t e r a l  guidance i s  f a r  
l e s s  than the  g l ide  path,  since t h e  source of the r a d i o  s igna l  
is  about 10,000 f e e t  d i s t an t  when the a i r c r a f t  passes over the  
threshold of a typ ica l  major runway. Thus, a wheel of an a i r c r a f t ,  
which i s  following the loca l i ze r  automatically, w i l l  still not be 
over the  paving ( f o r  a 3 sigma error)  un t i l  it i s  nearly 5000 
f e e t  beyond the threshold and about 2000 f e e t  f o r  a 2 sigma er ror .  
O f  course, w i t h  a manual-visual take-over f r o m  automatic f l i g h t ,  
t h i s  would be corrected within the time remaining i f ,  i n  the  
p i l o t ' s  judgment, it i s  safe t o  conduct the l a t e r a l  side-step 
maneuver and t o  land afterward. The f u l l  automatic-pilot laiidiag 
analogy i s  in s t ruc t ive ;  since human, v i sua l  intervent ion i s  not 
assumed, the  a i r c r a f t  would presumably land w i t h  one wheel o f f  
the  runway. Only i n  case of a f a i lu re  of the guidance equipment 
would manual takeover occur i n  some concepts, Errors are  not 
considered f a i l u r e s  if they are  within tolerances.  Presumably, 
the  p i l o t  i n  manual coa t ro l  would see t h e  discrepancies noted i n  
Figures 15, 16, and 17 a t  the threshold, deviate f rom the pro- 
cedure, take over and land o r  abort. 

T h i s  r a i s e s  fu r the r  in te res t ing  questions, since the  
RVR i s  measured not i n  the  threshold area,  but about 2000 f e e t  
beyond. 
the RVR f igure?  The l a t t e r  i s  useful primarily f o r  the  runway 
rol l -out  by v i sua l  means. Since t h e  a i r c r a f t  can be up t o  125 
f e e t  off  cen ter l ine  near the threshold, and may be on the  s ide  
opposite t o  t he  s ide where the RVR instruments are  i n s t a l l e d ,  
the  l a t e r a l  dispers ion of v i s i b i l i t y  might be even greater .  
S k i l l f u l l y  designed, new coacepts of low v i s i b i l i t y  simulation 
seem t o  be i n  order, 

What correlatioil  e x i s t s  between the  cockpit view and 



LOW VISIBILITY SIMULATION NEEDS 

estimated ground t rack  of the a i r c r a f t ,  pa r t i cu la r ly  under d r i f t  

k 

It i s  evident that new techniques need exploring f o r  
creat ing several  low v i s i b i l i t y  simulation and t ra in ing  devices 
t h a t  w i l l  c reate  r e a l i s t i c a l l y  what the  p i l o t  sees--the dynamics 
of the  scene, m a n y  typ ica l  views of various runway configurations 
i n  low RVR, e tc .  The l i g h t s  near threshold are  colored, have 
varying i n t e n s i t i e s ,  and give important cues t o  the p i l o t  t ha t  
should a id  him i n  recognizing f u l l y  what l i g h t  he i s  viewing. 
Since the  cues are s o  l imited,  a s  shown i n  Figures 30 through 
34, the simulator should recrea te  the colol"s, var iable  i n t e n s i t i e s ,  
the s c a t t e r  i n  low v i s i b i l i t y  (dazzle e f f e c t s ) ,  and do s o  with 
the proper viewing conditiolis precisely established. 

i s t i c a l l y  so t h a t  the  t o t a l  coinbination of la teral . ,  longi tudinal  

(and v e r t i c a l )  viewing s i tua t ions  (about 66 blocks) can be 
u t i l i z e d  i n  t e s t i n g  human subjects.  
be control lable  t o  a posit ioning accuracy within i t s  individual  
dimensions of about 10 f e e t ,  since each block i s  about 40 f e e t  
wide and over 100 f e e t  long, a s  defined i n  Figures 28 and 35. 
Posit ioning and scene accuracies of about 5 f e e t  l a t e r a l l y  and 
20 f e e t  longi tudinal ly  should achieve t h i s  r e su l t .  There w i l l  
be cases t h a t  are  considered safe  f o r  a landing using a correc-Live 
maneuver. Other locations a re  unsafe. The granularity of t h e  
simulation data  can be very important. 

The small blocks of F igure  35 should be created rea l -  

Each of the blocks should 

I n  each of these p o s i t i o n s ,  the a i r c r a f t  a t t i t u d e  m u s t  
a l s o  be simulated precisely,  since the mixture of heading and 
displacement cues u t i l i z i n g  shor t  visual segments viewed a t  
la rge  negative v e r t i c a l  angles is  quite possible.  
the  r a t e  of  change of the cue posit ion i s  very s igni f icant  re la -  
t i v e  t o  t he  a i r c r a f t  axis. The visual  cues r e l a t ive  t o  the  

Furthermore, 
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conditions, are  l i k e l y  t o  be highly s igni f icant .  Since r a the r  
high cross-winds a re  allowable, unexpected d r i f t  r a t e s  of up 
t o  10 fps  can be encountered. AC 120-20 (FAA) allows 4 knots 
per 100 f e e t  of height ;  some higher values have been measured. 
Thus, t he  a i r c r a f t  f l i g h t  control  system m a y  have corrected f o r  
an  elevated steady-state cross-wind component, which would mean 
tha t  a crab-angle would e x i s t  when the  f i r s t  v i sua l  cues come 
above the  p i l o t ' s  v i sua l  threshold. 

However, during the time he i s  attempting t o  determine 
l a t e r a l  e r ro r  and recognizes h i s  crab-angle, the l a t e r a l  d r i f t  
(due t o  wind shear) can be taking place. 
from the l imited l i g h t s  and objects  t ha t  can be seen a re  highly 
vulnerable s i tua t ions .  Thus, the simulation must be able t o  
include not only the various posi t ions f o r  l a t e r a l  and longi- 
t u d i n d  e r ro r s  f o r  the  prescribed heights but a lso various a t t i -  
tudes and cross-track d r i f t  r a t e s  t o  add realism, thus cor rec t ly  
taxing the p i l o t ' s  a b i l i t y  t o  judge the s i tua t ion .  

With respect t o  the  distance the  p i l o t  sees an  object,  
the  f i r s t  experiment should be t o  make the  l i g h t s  o r  ground 
objects (including colored objects  t ha t  may d i f f e r  i n  various 
RVR conditions) vanish a t  control lable  RVR conditions. For  the 
f i r s t  approximation the  slant RVR can be assumed t o  be the  same 
as the RVR (about 15 f e e t  above and p a r a l l e l  t o  the runway 
surface). 
surface segment (2 t o  3 seconds f o r  400 t o  600 f e e t )  must be 
precise. Figures 30 through 34 i l l u s t r a t e  t h a t  t he  distance 
t o  the most d i s t an t  object can vary by 14 t o  1. 

Mixed o r  confusing cues 

The viewing angles from the  cockpit of the  short  

A more sophis t icated control  of  both slant range and 
horizontal  range v i s i b i l i t y  can be attempted i n  the design of 
a l a t e r  model o f  a simulator. Extensive research w i l l  be needed 
inalow v i s i b i l i t y  simulation t o  c rea te  a r e a l i s t i c  scene f o r  
the  p i l o t  t h a t  i s  dynamically "believable." The objects  must 
appear with j u s t  the r i g h t  amount of c l a r i t y .  Sharp objects 
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seem t o  appear a t  maximum range w i t h  very l i t t l e  contrast--not 
as ttfuzzy*t objects as  has been assumed by some investigatoFs. 

Real t i m e  dynamics, side vision, and a i rc raf t  f l i g h t  
a t t i t u d e  changes of r o l l ,  p i tch ,  sink-rate, e tc . ,  must each be 
r e a l i s t i c ,  s o  t h a t  the p i l o t  can r ea l ly  become "involved." 
Since what he sees i n  the  simulator may las t  f o r  only 6 seconds 
before touchdown o r  abort ,  it i s  o5vious that a great deal of 
e f f o r t  must be put fo r th  f o r  w h a t  seems l i k e  an extremely small 
t e s t ing  period. However, i f  one examines the  parameters o f  
l a t e r a l ,  longitudinal,  height,  speed, heading, r o l l ,  e t c , ,  and 
establ ishes  parametric t e s t s  t ha t  involve runways of d i f fe r ing  
widths (and useful  areas) ,  there  can be hundreds of combinations. 
Today's exis t ing knowledge cannot es tabl ish which of these com- 
binat ions i s  a safe s i t ua t ion  f o r  amaneuver t o  a landing o r  
whether an abort i s  indicated. 

From t h i s  simulation should come a pattern.  The 3 
sigma e r ro r s  w i l l  probably not be tolerated f o r  an attempted 
landing from 100 f e e t  o r  maybe even 150 f e e t  of height. The 2 
sigma e r ro r s  are more l i ke ly  t o  be accepted occasionally by a 
p i l o t .  

W i l l  good simulation teach him cues tha t  permit more 
rapid,  split-second judgments along w i t h  more precise  and safe 
judgments? Is  it even possible tha t  the  1 sigma e r ro r s  f o r  CAT 
I1 operations w i l l  not be very acceptable? 
matter,  because the objective of the  simulation i s  not t o  be 
c r i t i c a l  of the ILS guidance system, but t o  es tab l i sh  w h a t  
values of r e a l i s t i c  e r rors  can be corrected i n  the  few seconds 
remaining before touchdown i n  very l o w  v i s i b i l i t y .  From such a 
highly r e a l i s t i c ,  believable t e s t ing  program w i l l  probably come 
valuable t e s t  data  taken w i t h  a i r l i n e  and mi l i ta ry  p i l o t s  t ha t  
are now enter ing the  CAT I1 phase of actual  operation. Thus, 
a c r i t i c a l  examination of simulation r e a l i t y  can be made. 

T h i s  does not r e a l l y  



Several of the "heads-up" displays could be r e a l i s t i c a l l y  
tes ted  i n  t h i s  manner, since the re  w i l l  be varying amounts of 
discrepancies i n  the l a t e r a l  and longitudinal display of t h e  
runway image used by s o  m a n y  of these displays. 
beacon" systems have several  e r ro r s  i n  the boresighting, multi- 
path,  l ack  of f u l l  image perspective. 
sa t i s fac tory  runway out l ine could be measured. The measure of 
"confusion" caused by any discrepancies between the  bas ic  guidance 
and instrumentation can be made. The boresighting accuracies 
between the actual  and displayed runway images must be very high. 
The question is:  how high? 

Even the  ''runway 

How m a n y  po in ts  make a 
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